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1ABSTRACT 
The major Paleozoic petroleum system of Saudi Arabia is qualitatively characterized 
by a proven Silurian (Qusaiba Member, Qalibah Formation) source rock, Devonian 
(Jauf Formation), Permian and Carboniferous (Khuff and Unayzah Formations) 
reservoirs, a laterally extensive, regional Permian seal (basal Khuff clastics and 
Khuff evaporites), and four-way closure Hercynian structures. Hydrocarbons found 
in these systems include non-associated gas in Eastern Arabia and extra light oil in 
Central Arabia. A basin modeling approach was used to quantify important aspects of 
the petroleum system. First, 17 regional wells were selected to establish a reference 
tool for the three dimensional (3-D) basin model using multiple one dimensional 
(1-D) models. This was accomplished by studying core material from source rocks 
and other lithologies for thermal maturity and kerogen quality. The major emphasis 
was on the Silurian section, other Paleozoic intervals and to a lesser extent on the 
Mesozoic cover from which only few samples were studied. Although vitrinite 
macerals, solid bitumen, and other vitrinite-like particles were not abundant in most 
of the investigated samples, enough measured data established valid maturity-depth 
trends allowing for calibrated models of temperature history. Sensitivity analyses for 
maturity support the view that thermal boundary conditions and Hercynian uplift and 
erosion did not greatly influence the Paleozoic petroleum systems. Second, a 3-D
basin model was constructed using major geologic horizon maps spanning the whole 
stratigraphic column. This model was used to gain insight into the general maturity 
distribution, acquire a better control of the model boundary conditions and investigate 
charge, drainage, migration and filling history of the main Paleozoic reservoirs. The
3-D hydrocarbon migration simulation results qualitatively account for the present gas 
accumulations in the Permian-Triassic Khuff and Carboniferous-Permian Unayzah 
reservoirs in the Ghawar area. This kind of study illustrates the importance of 3-D 
basin modeling when used with other geologic data to describe petroleum systems. It 
provides a predictive exploratory tool for efficientlymodelinghydrocarbondistribution
based on seismic and well data and information on known oil and gas fields. Real
earth models can only be described in 3-D as pressure variations and fluid movements
in the subsurface are impossible to address in 1-D and 2-D domains. 
2KURZFASSUNG
Saudi-Arabien ist bekanntermaßen der Staat, der über die größten 
Erdölreserven der Erde verfügt. Ein großer Teil dieser Reserven befindet sich
in mesozoischen Gesteinen, die dementsprechend über die letzten Jahrzehnte 
ausgiebig untersucht worden sind. Das tieferliegende und ältere paläozoische 
Stockwerk ist dagegen weit weniger gut untersucht, obwohl auch darin große 
Kohlenwasserstoffvorräte erwartet werden können. In diesem Zusammenhang 
wurde die hier vorgelegte Doktorarbeit angeregt und durchgeführt. 
Das paläozoische Kohlenwasserstoffsystem („petroleum system“) von Saudi-
Arabien ist qualitativ charakterisiert durch ein nachgewiesenes Muttergestein 
des Silurs (Qusaiba Member, Qalibah Fm.), devonische (Jauf Fm.), permische 
und oberkarbonische (Khuff und Unayzah Fm.) Reservoirgesteine sowie eine 
weitreichende regional verbreitete Abdichtung durch permische Klastika 
und Evaporite (basale Khuff Fm.). Akkumulationen werden hauptsächlich 
durch allseitig abdichtende herzynische Strukturen gebildet. Die gefundenen 
Kohlenwasserstoffe in diesen Systemen umfassen einzelne Gasfunde in 
Ostarabien sowie sehr leichte Öle in Zentralarabien. 
Zur Quantifizierung wichtiger Aspekte des Kohlenwasserstoffsystems
wurde eine Beckenmodellierungs-Studie aufgebaut. Dazu wurden zunächst 
siebzehn Tiefbohrungen untersucht. Für diese siebzehn Bohrungen wurde die 
stratigraphische Einstufung zunächst genau untersucht und aufgrund dieser 
stratigraphischen Einstufungen wurde anschließend eine Abfolge zeitlicher 
Ereignisse („Events“) entwickelt. Jedes „Event“ entspricht dabei einer Zeit der 
Ablagerung oder Erosion von Gesteinen. Zusätzlich wurden diesen einzelnen 
„Events“ Gesteinstypen zugeordnet (z.B. Sandstein, Tonstein, etc.), die den 
Hauptlithologien der jeweiligen Einheiten entsprechen. Diesen Lithologien 
sind charakteristische petrophysikalische Eigenschaften zugeordnet, die 
3für die spätere Modellierung des Temperaturfeldes bzw. der Kohlenwasser
stoffmigration eine entscheidende Rolle spielen können. Die verwendeten 
petrophysikalischen Daten sind im Anhang dieser Arbeit dokumentiert, ebenso 
wie wichtige Eingabedaten der einzelnen Bohrungen.
In einem weiteren Schritt wurden geochemische und organisch-petrologische 
Untersuchungen zur Analyse der thermischen Reife und der Kerogenqualität 
anhand von Kernmaterial aus den Erdgas-Muttergesteinen sowie anderen 
Lithologien durchgeführt. Dabei lag der Schwerpunkt vor allem auf dem 
silurischen Intervall und anderen Abschnitten des Paläozoikums mit nur einigen 
Proben aus der mesozoischen Bedeckung. Obwohl Mazerale der Vitrinitgruppe, 
Festbitumen und andere vitrinitähnliche Partikel in einigen der untersuchten 
Proben häufig fehlten, konnten genügend Messungen der thermischen Reife
erfolgen. Aus diesen Messungen ließen sich auch Vitrinitreflexion-Teufen-
Trends ableiten, die eine Kalibration der Temperaturgeschichte erlauben. 
Diese Trends sind für die einzelnen Bohrungen jeweils dargestellt, wobei die 
Datenlage teilweise sehr gut ist, teilweise aber auch durch fehlende Information 
über die flacher liegenden Stockwerke gekennzeichnet ist. Hier besteht für die
Zukunft noch weiterer Forschungsbedarf, zumal mit den hier vorliegenden, 
wenigen Bohrungen ein riesiges Areal innerhalb von Saudi-Arabien abgedeckt 
wurde. 
Ferner wurde für die wichtigen Muttergesteine eine Datenbank zu TOC- 
und Rock-Eval-Daten aufgebaut, die die Basis für die Untersuchungen zur 
Kohlenwasserstoffbildung darstellt. Auch diese Daten sind ebenso wie die 
Vitrinitreflexionsdaten im Anhang dieser Doktorarbeit dokumentiert. Dabei
liegen die TOC-Werte in der Regel bei unter 2 %, wobei einige der silurischen 
Qusaiba-Muttergesteine auch TOC-Werte von 10 % aufweisen. Hier muß 
4berücksichtigt werden, dass aufgrund der hohen thermischen Reife, die im 
Silur meist bei über 2 % Vitrinitreflexion liegt, bereits ein erheblicher Teil des
ursprünglich vorhandenen organischen Kohlenstoffs abgebaut wurde. Daher 
lagen die ursprünglichen organischen Kohlenstoffgehalte sehr viel höher als 
die heute messbaren. 
Dies wird auch durch die Wasserstoffindexwerte (HI-Werte) deutlich,
die zu großen Teilen kleiner als 100 sind. Es gibt jedoch auch eine große 
Reihe von paläozoischen Muttergesteinen mit hohen bis sehr hohen HI-
Werten. Dementsprechend wurde bei der späteren Modellierung der 
Kohlenwasserstoffbildung ein Kerogentyp festgelegt, der durch eine festgelegte 
Kinetik der Kohlenwasserstoffbildung gekennzeichnet ist. Für die silurischen 
Muttergesteine konnte auf eine spezifische Kinetik zurückgegriffen werden.
Basierend auf den oben beschriebenen geologischen Eingabedaten 
und den geochemischen Daten wurde dann eine 1-D-Modellierung der 
Temperaturgeschichte der paläozoischen Gesteine durchgeführt. Diese 
Modellierung beinhaltet eine Festlegung auf die Entwicklung der Wärmeflüsse
über die geologische Zeit sowie eine Festlegung auf das Ausmaß der Erosion 
von vorher abgelagerten Schichten während der Inversionsphasen des 
Beckens. Diese beiden Größen, Wärmefluß und Erosion, stellen die größten
Unsicherheiten der Modellierung dar. 
Dementsprechend wurden Sensitivitätsanalysen vorgenommen, bei denen 
die beiden oben genannten Parameter innerhalb vorgegebener Grenzen 
variiert wurden. Diese Analysen ergaben, dass Änderungen des basalen 
Wärmeflusses sowie die herzynische Hebung und Erosion nur geringen Enfluss
auf das Temperaturfeld sowie das paläozoische Kohlenwasserstoffsystem 
hatten. Der Grad der Unsicherheit ist jedoch regional unterschiedlich, 
entsprechend der Vollständigkeit der geologisch-stratigraphischen Abfolge. 
5Die 1-D-Modellierungen wurden weiterhin verwendet, um die Zeitlichkeit der 
Kohlenwasserstoff-Bildung zu simulieren. 
Aufbauend auf den Daten der 1-D-Modellierung wurde ein komplexes 3-
D-Modell aufgebaut. Dieses basiert auf interpretierten Horizonten aus der 
Seismik, die verschiedenen stratigraphischen Altern zugeordnet wurden. Ferner 
wurden in das komplexe 3-D-Modell Störungen mit festgelegten lateralen 
und vertikalen Durchlässigkeiten eingebaut. Insgesamt soll das Modell es 
erlauben, ein besseres Verständnis der Reifeverteilung im Gesamtbecken 
zu erlangen sowie die Drainage und Migration der Kohlenwasserstoffe und 
somit die Füllungsgeschichte der paläozoischen Reservoire zu untersuchen. 
Die Ergebnisse der 3-D Simulation erklären qualitativ die vorhandenen 
Gasakkumulationen in der permo-triassischen Khuff-Formation und in den 
permo-karbonischen Unayzah-Reservoiren des Ghawar-Gebietes. Ferner 
zeigen die Simulationen eine Reihe weiterer Strukturen als Gas-gefüllt an, die 
interessante weitere Aspekte für die Kohlenwasserstoffexploration in Saudi-
Arabien sein können. Wie erwartet, konnten die Kohlenwasserstoff-Mengen in 
den bekannten Lagerstätten nicht quantitativ simuliert werden. 
Insgesamt zeigt diese Studie die Bedeutung der numerischen 
Beckenmodellierung, insbesondere der 3-D-Modellierung, in Verbindung mit 
anderen geologischen Daten zur Analyse eines Kohlenwasserstoffsystems auf, 
da nur im dreidimensionalen Raum variable Drücke und Fluidbewegungen 
realitätsnah simuliert werden können. Somit kann die 3-D Beckenmodellierung 
als Werkzeug in der Exploration benutzt werden, um die Kohlenwasserstoffv
erbreitung mit Hilfe von bekannten Funden und weiteren geologischen Daten 
vorherzusagen. 
61. INTRODUCTION 
Petroleum system analysis has become an increasingly important discipline in 
assessing the hydrocarbon potential of a given basin. The principal components 
of a petroleum system are source, reservoir, trap, seal, migration and timing 
(Demaison and Huizinga, 1991; Magoon and Dow, 1994), all of which are 
necessary to guarantee the success of any hydrocarbon exploration program. 
Basin modeling, though focused on the source rock component of the petroleum 
system, is a major first step in the exploration process. That is, it assesses the 
potential of a basin in terms of source rock availability, temperature history 
and organic maturity (e.g. Lopatin, 1971; Ungerer et al., 1990; Yalcin et al., 
1997). 
Three dimensional (3-D) petroleum systems modeling, however, has 
recently  become an integral part of the petroleum system assessment 
process. Other non-source petroleum system components are equally looked 
at and evaluated in order to describe and model the petroleum migration 
journey  from source to trap with the aim of quantifying hydrocarbon types, 
migration  directions and timing. 3-D basin modeling can not be considered 
as a complementary tool in petroleum exploration; as it is the only available 
exploratory tool to accurately describe the real earth model. Addressing fluid
movements, maturity, temperature and pressure variations in the subsurface 
can only be assessed in 3-D, which can be definitely overlooked in 1-D and
2-D domains. 
In this paper, a 3-D petroleum system model is proposed for the Paleozoic 
sequence of Saudi Arabia. The focus of this study is on modeling hydrocarbon 
generation and migration from the principal source rock unit in the Silurian 
Qusaiba Member of the Qalibah Formation to the overlying Permian-Triassic 
(Khuff Formation) and Carboniferous-Permian (Unayzah Formation) reservoirs. 
This model has been developed in three stages: 
71) Analyses of the quality and thermal maturity of the Silurian source rock and 
other stratigraphic intervals using organic petrology and Rock-Eval pyrolysis 
data.
2) 1-D basin modeling of 17 key regional wells in the study area, revealing 
calibrated thermal and maturation histories.
3) 3-D petroleum system analysis, predicting hydrocarbon properties, 
simulating general hydrocarbon migration trends, determining drainage area 
and assessing future hydrocarbon exploration areas.
1.1 Objectives 
This study of petroleum systems has the following main objectves:
1. Establish a broader database on maturity distribution and source rock 
characteristics in the Paleozoic section of Saudi-Arabia. 
2. Build a 3-D basin model using the major geologic horizon maps spanning 
the whole stratigraphic column.
 
3. Predict gas occurrences in non-explored areas and recommend strategies 
for future exploration.
81.2 Study Area 
This study focuses mainly on modeling hydrocarbon generation and migration 
in the study area, approximately 162,000 square kilometers (Figure 1). The 
model covers a large geographic area and is used to gain insight into the general 
maturity distribution and to acquire a better control of the model boundary 
conditions. It will be attempted to address charge, drainage, general migration 
trends and filling history of the main Paleozoic and lower Triassic reservoirs.
Organic petrography and source rock geochemistry were essential parts of 
this project and provided the necessary input parameters and calibration data. 
The samples were specifically chosen to focus on quality rather than quantity.
For example out of the 132 samples representing the 17 wells (Figure 2) used 
in this study, 126 samples were cores and only six (6) were cuttings. This 
should ensure that the samples accurately represent true depth. This data was 
used to construct 1-D burial history models. Based on the information from 
the 1-D burial history models of 17 wells, a 3-D model was created using a 
coarse grid for maturity and general migration predictions. The 3-D model 
only covers 16 wells as the 17th well (TAYM) falls outside the study area. 
Silurian source rocks from the 16 wells represent either mature or post-mature 
Silurian Qusaiba intervals. The TAYM well was chosen because it provides 
geochemical data on an organically immature Qusaiba source rock interval 
(Abu-Ali et al., 1999).
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Figure 1:
Geologic map of the Arabian Peninsula showing the study area and major tectonic elements 
(modified after Ayres et al., 1982). The 17 major wells used in the study are shown in black
circles.
10
Figure 2: 
Location map showing 16 out of the 17 major wells used in the study 
area and major oil and gas fields. The TAYM well falls outside the 
study area as shown in Figure 1. Cross sections A-A’ and B-B’ are 
discussed in section 4.5.2. 
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2. GEOLOGIC BACKGROUND 
2.1 Regional Geology 
The Arabian Plate is bounded to the east by the Arabian Gulf, to the west by 
the Red Sea and to the south by the Gulf of Aden, the Arabian Sea and the Gulf 
of Oman. The plate is thought to have originated in the late Neoproterozoic. By 
the end of the pre-Cambrian the plate was close to the equator and gradually 
shifted to the south in the Paleozoic. During the Permian, the plate translated 
to the north (Konert et al., 2001). 
The main periods of basin evolution are discussed in detail by Powers, 1966; 
Murris et al., 1980; Beydoun, 1991; McGillivray and Husseini, 1992; Wender 
et al., 1998 and Konert et al., 2001. From pre-Cambrian to Cambrian times 
basement was developed followed by a stable subsidence of the Central Arabia 
shelf from Cambrian to Ordovician times (Figure 3). From late Ordovician 
to Silurian times glaciation covered Gondwana and most of Western Arabia 
resulting in the deposition of the Zarqa and Sarah Formations. During the 
Silurian deglaciation the sea level rose resulting in the deposition of the Qusaiba 
Formation source rock. The Devonian to Carboniferous times are marked by 
the Hercynian event which resulted in the uplift of Central Arabia and erosion 
of the pre-Devonian deposited section. From Carboniferous to Permian times 
the fluvially-dominated Unayzah Formation was deposited. From late Permian
to Triassic times, rifting along the Zagros suture and carbonate transgression 
resulted in the deposition of the shallow marine to coastal plain Khuff 
Formation. During the Jurassic to Cretaceous times, a major, thick shallow water 
carbonate sequence formed the prolific Hanifa and Arab Formations. These
formations contain the most significant source rock, reservoir and seal sub-
systems in terms of hydrocarbon reserves than any known Jurassic petroleum 
system in the world. The late Cretaceous to Tertiary times witnessed the first
12
and second Alpine tectonic movements, which resulted in the eastward tilting 
of the Arabian Plate. The first Alpine event is stratigraphically represented
by the Late Cretaceous pre-Aruma unconformity and it is considered a major 
growth period in Eastern Arabia. The second Alpine event from middle to late 
Tertiary is associated with the pre-Neogene unconformity and it coincided with 
the separation of Arabia from Africa along the Red Sea rift (Beydoun, 1991; 
Wender et al., 1998).
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Figure 3: 
Jurassic-Neogene Saudi 
Arabian Stratigraphic 
Column showing major 
reservoir and source 
intervals (modified after
Haq and Al-Qahtani, 
2005). Ages in MY are 
caliberated to GTS 2004.
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Figure 3 (Continued):
Cambrian-Triassic Saudi Arabian Stratigraphic Column showing major reservoir and source 
intervals (modified after Haq and Al-Qahtani, 2005). Ages in MY are caliberated to GTS 2004.
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2.1.1 Structural Growth and Tectonic History
In the Arabian Peninsula, there are two main structural elements (Murris et 
al., 1980): 1) broad regional highs such as the Jauf (north), Central Arabian, 
Qatar (Central Arabian Gulf) and Huqf-Dhofar (South Arabian Gulf) Arches; 
and 2) generally north-south anticlines reflecting deep basement faults like the
mega giant Ghawar structure. The regional structural growth history of the 
Arabian Plate can be summarized as follows (Figures 4-8): 
1) Pre-Cambrian rifting event. 
2) Initiation and major growth during Carboniferous Hercynian Orogeny. 
3) Minor growth during Permian-Triassic. 
4) Major reactivation during Cretaceous Alpine Orogeny. 
5) Eastward tilt during Tertiary. 
This latest tilt in the Tertiary is believed to have had a major influence on
gas migration/dismigration and drainage areas as compared to the earlier oil 
drainage areas existing during the Mesozoic (Abu-Ali et al., 1999 and 2001). 
A series of isopach maps illustrate the structural growth history of the 
Arabian basin. Base Qusaiba to Base Khuff isopach regional map (Figure 4) 
shows the Hercynian growth. The blank color indicates areas where maximum 
structural growth occurred and the subcrop is Ordovician or older. The blue 
color represents low lying areas during the Hercynian. A significant removal
of section can be seen over Ghawar and the areas to the west and southeast 
(red-yellow color depicting thin areas). The Permo-Triassic structural growth 
is shown in (Figure 5) indicating a shift of the basin center towards the north. 
Most of the growth took place in the south.
The Triassic to Cretaceous is represented by the Jilh to Shuʼaiba isopach 
(Figure 6). There is a further northward shift of the basin center while more 
16
section is removed in the south. The late Cretaceous period is marked by the 
subduction of the Arabian Plate underneath the Iranian Plate, creating the 
Zagros Mountains. Deeper burial occurred in Eastern and Southern Arabia, 
while most of the structural growth was in the west (Figure 7). 
The Alpine movements correspond to a major structural growth period that 
impacted the majority of the existing structures. Tertiary tilting to the east 
and north has also impacted the recently migrating gas (Abu-Ali et al., 1999 
and 2001). This eastern tilt is evident from comparing the Aruma structure 
(Figure 8) with the previous figures representing Triassic and Hercynian
growths. 
Figure 9 shows an east-west structural cross section across Arabia. The major 
structures of Ghawar (Saudi Arabia) and Dukhan (Qatar) are bound with major 
faults (solid lines). Formation ages are shown in color with an approximate 
depth scale in meters. The section displays the basin in the middle, where 
hydrocarbons have been generated and migrating toward the Ghawar and 
Dukhan structures to the east and west flanks of the basin.
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Figure 4: 
Carboniferous growth is represented by Base Qusaiba to Base Khuff isopach. Red 
indicates areas of thinning and blue areas of thickening. Blank areas are where the 
Base Qusaiba has been eroded. 
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Permo-Triassic growth is represented by Base Khuff to Base Jilh isopach. Red indicates 
areas of thinning and blue areas of thickening. 
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Triassic-Early Cretaceous growth is represented by Jilh to Shu'aiba isopach. Red 
indicates areas of thinning and blue areas of thickening. Notice the inversion of the 
basin to the northwest compared to Figures 4 and 5, where the basin center was to 
the east and south. 
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Figure 7: 
Late Cretaceous growth is represented by Shu'aiba to the Aruma isopach. Red 
indicates areas of thinning and blue areas of thickening. The basin center is inverted 
back to the east as it was during the Hercynian and Triassic times.
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Figure 8: 
Maximum growth from Tertiary to present is represented by the present-day Aruma 
structure. Red indicates structural high areas and blue structural low areas. 
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Figure 9: 
An east-west structural cross-section across Arabia showing the major structures of Ghawar 
(Saudi Arabia) and Dukhan (Qatar). Formations are shown in color along with major bounding 
faults in solid lines and an approximate depth scale in meters (modified after Konert et al.,
2001). 
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2.1.2 Basin Evolution
Pre-Cambrian-Cambrian 
The pre-Cambrian basement in Central and Eastern Saudi Arabia is generally 
trending north-south and northwest-southeast. It was created as a result of 
the compressional movements associated with the Cambrian Idsas Orogeny. 
Basement is composed of accreted island-arc and micro continental terranes 
underlying volcanics and post-cratonic deposits. Fractured metasediments 
were found in the Ain Dar Field of the Ghawar area. These sediments have 
been age dated between 671 and 604 million years ago (Ma) (McGillivray and 
Husseini, 1992; Wender et al., 1998). 
Alluvial fans and braided streams characterize the pre-Cambrian-Cambrian 
sediments. These sediments are unconformably overlain by Cambrian sediments 
that were uplifted, eroded and deposited during the pre-Saq Unconformity 
(PSU, Figure 3). 
Cambrian-Ordovician 
This is the time where the oldest Paleozoic formation was deposited, the 
deltaic-fluvial to shallow marine littoral Saq Formation (Figure 3). It is 
composed of mainly sandstones, and due to the absence of fossils, has been 
stratigraphically age dated as Cambrian to Ordovician (Powers et al., 1966). 
The Qasim Formation overlays the Saq Formation,  as the former was deposited 
in a shallow marine environment. It consists of four shale and sand units, the 
Quwarah, Raʼan, Kahfah and Hanadir Members (Figure 3). Both the Raʼan and 
Hanadir Members have some reasonable source rock potential (Abu-Ali et al., 
1991). The Quwarah and Kahfah Members are mainly sandstone units.
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By the end of the Qasim time (late Ordovician) glaciers, extending from 
Gondwana, dominated Western Arabia and resulted in deposition of the Sarah 
Formation (Figure 3). These glaciers have been found in outcrops in Western 
Arabia. They are composed of tillite, sandstone and siltstone and do not extend 
eastward to cover Ghawar and Central Arabia. Uplift during late Ordovician 
associated with sea level drop as a result of the glaciers formed incised channels. 
These glacial channels trend northeast to east near the shield. 
Silurian 
Deglaciation of Gondwana and the subsequent, sudden sea level rise resulted 
in the deposition of the Llandoverian Qusaiba and Wenlockian Sharawra 
Members of the Qalibah Formation (Mahmoud et al., 1992, Figure 3). It is a 
coarsening upward, progradational sequence that covers most of Gondwana 
shelf over the Middle East and North Africa, and was disconformably deposited 
over the Sarah Formation. The shallow to deep marine environment deposit 
consists of black shales at the base of the Qusaiba Member, often referred to 
as “hot shale” due to its high gamma ray content, and a mixture of sandstones, 
siltstones and shales in the overlying Sharawra Member. 
The “hot shales” at the base of the Qusaiba Member are organic-rich and 
considered the main source rocks for all the Paleozoic hydrocarbons discovered 
to date in Eastern and Central Saudi Arabia (Abu-Ali et al., 1991, 1999, 2001; 
McGillivray and Al-Husseini, 1992; Mahmoud et al., 1992; Cole et al., 1994; 
Wender et al., 1998; Jones and Stump, 1999; Konert at al., 2001). The Sharawra 
Member is overlain by a non-depositional Hiatus. 
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Devonian-Carboniferous 
The Devonian Tawil Formation follows the Silurian Hiatus (Figure 3). It is 
a fluvial, fine-medium grained sandstone unit with some siltstones and shales,
making it a poor reservoir rock due to the abundant silica cement. Overlying 
the Tawil is the shallow marine Jauf Sandstone Formation, which has a very 
good reservoir quality in the Ghawar area, where it produced huge amounts of 
gas and condensates in the Hawiyah Field. At the top of Jauf lies the regionally 
correlatable, biostratigraphic D3B shaly marker which acts as a seal for the Jauf 
reservoir. At the top of the Devonian section is the Jubah Sandstone Formation 
which has a poor reservoir quality. 
The Hercynian Orogeny has removed significant portion of the Devonian-
Carboniferous section in Eastern and Central Arabia. This Orogeny resulted 
from the collision of Gondwana and Laurentia, which transformed northeast 
Gondwana from a passive to an active margin (Beydoun, 1991; Wender et al., 
1998). During this event major north-south trending, basement-faulted horst 
blocks formed in Arabia. Significant uplift and erosion took place on the crest
of the developed structures. Over the crest of the Ghawar structure, for example, 
approximately 3,500 ft of section was eroded and Carboniferous deposits were 
totally missing (Wender et al., 1998). Late Carboniferous to Permian Unayzah 
Formation followed the Hercynian Orogeny with fluvial/alluvial sandstones
at the base (Unayzah A and B, Figure 3) and eolian sandstones at the top 
(basal Khuff clastics). The Unayzah is present in south Ghawar and absent 
in the north. The Hercynian Orogeny has also eroded sections older than the 
Devonian-Carboniferous. In some areas, Permian deposits sit on basement 
or Ordovician sediments, with the full section in between all eroded by the 
Hercynian Orogeny.
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 Permian-Triassic 
The Khuff Formation carbonates followed the deposition of the Unayzah 
Formation in the late Permian, after a major transgression coinciding with 
the Permian rifting along the Zagros suture. The Khuff deposits (Figure 3) 
are shallow marine to coastal plain and consist of mainly limestones with 
subordinate dolomites and evaporites. The evaporites form seal intervals for the 
different Khuff reservoirs, which hold huge amounts of dry gas in the Ghawar 
area. At the base of the Khuff lies the eolian basal Khuff clastics unit that forms 
an important reservoir above the fluvial Unayzah reservoirs. Shales and tight
carbonates within the basal Khuff clastics form a regional seal for all the pre-
Khuff reservoirs in Central and Eastern Arabia.
Mesozoic and Cenozoic 
This era is marked by stable tectonism. Shallow marine carbonates were 
deposited on a stable platform, forming the worldʼs most prolific reserves in the
Arab and Hanifa reservoirs. During the Jurassic time, the basin was dipping to 
the west, reversing later to an east tilt in the late Cretaceous due to differential 
loading of the plate margin (Wender et al., 1998). 
By the late Cretaceous time, termed the first Alpine event (Loosveld et
al., 1996), significant structural growth took place during the pre-Aruma
Unconformity (PAU). This is the period when major eastward tilt of the basin 
coincided with the PAU structural growth over the Ghawar area. The late or 
second Alpine event took place during the Tertiary, when Arabia was separated 
from Africa along the Red Sea Rift and collided with Eurasia, resulting in 
the compression of the Arabian Plate (Beydoun, 1991; Loosveld et al., 1996; 
Wender et al., 1998). As a result of this second event, structures in Eastern 
Arabia were reactivated and they were stratigraphically represented by the pre-
Neogene Unconformity (PNU). 
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2.2 History of Petroleum Exploration and Production
Hydrocarbon exploration in Saudi Arabia dates back to May 29, 1933, when 
the Saudi Arabian government signed the concession agreement with Standard 
Oil of California (Socal). This agreement was signed a year after the unification
of the Kingdom of Saudi Arabia. Socal became California Arabian Standard 
Oil Company (Casco) and later Chevron. In 1936, the Texas Company which 
later became Texaco, bought half the shares of Casco. In 1944, Casco became 
the Arabian American Oil Company (Aramco). In 1948 two other major U.S. 
oil companies bought shares in Aramco, Standard Oil of New Jersey (later 
became Exxon) and Second Vacuum (later became Mobil). In 1973, the Saudi 
government acquired 25% interest in Aramco, which rose to 60% a year later. In 
1980 the Saudi government owned 100% of Aramco. In 1988, a Royal Decree 
established Saudi Aramco. 
 On April 30, 1935 Dammam-1 was spudded over the Dammam Domeʼs 
surface feature and was a disappointment after reaching the middle Cretaceous. 
It took nine wells to strike oil over the Dammam structure, on March 3, 
1938, over two years after the first attempt. Dammam-7 was drilled deeper
than the previous wells, based on oil shows found in Bahrain Island, a few 
kilometers off the Kingdomʼs east cost. The historical discovery found oil at 
1441 meters (4727 feet) in the Late Upper Jurassic Arab Zone, now called the 
Arab Formation. Since that day Saudi Arabia has entered the oil era. Abqaiq (a 
few kilometers north of Ghawar, Figure 1) was discovered in 1940 and Qatif 
(north of Abqaiq) in 1945. The giant, largest onshore oil field in the world,
Ghawar structure, was discovered in stages. In 1948, Ain Dar (northern part 
of Ghawar) was discovered followed by Haradh (southern part of Ghawar) in 
1949. The other fields of Ghawar: ʻUthmaniyah, Shedgum and Hawiyah were
discovered in 1951, 1952 and 1953, respectively. These discoveries established 
Ghawar as a major, single anticline, 250 kilometers long from Haradh in the 
south to Ain Dar and Fazran in the north. The largest offshore oil field in the
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world, Safaniyah (north western Arabian Gulf), was also discovered in 1951. 
By the end of 1963, Aramco had discovered oil in eleven fields comprising
sixteen different reservoirs. Estimated crude oil reserves were approximately 
55 billion barrels by the end of 1963 (Powers et al., 1963). At the end of 2004, 
the total number of discoveries in Saudi Arabia since exploration began in 
1933 is about 93 oil and gas fields.
On May 1, 1939 the first Saudi crude oil was shipped from Ras Tanura
terminal. World War II interrupted oil operations in the Kingdom until late 1943 
when the Ras Tanura Refinery was planned to handle 50,000 barrels per day
(bpd). By 1949, production has sharply increased to 500,000 bpd. From 1950 
to 1969, production has steadily increased at a rate of nine percent per year. By 
1970, production reached about 3.5 million bpd. A record 9.63 million bpd was 
reached in 1980 (Saudi Aramco Diary, 1996). Saudi Arabia now exports more 
crude oil and natural gas liquids (NGL) than any other country. The country 
holds approximately 25% of the known worldwide reserves. Revenues from 
the oil export are the primary source of national income, and they continue to 
play an enormous role in the development of the country. 
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2.3 Petroleum Geology
The upper Jurassic and lower Cretaceous petroleum systems in the Arabian 
Peninsula are the most prolific hydrocarbon province in the world. The
Jurassic and Cretaceous petroleum systems are considered the main target for 
oil production in the Kingdom and both systems hold the significant 25% of
the worldʼs known oil reserves. Proven source rocks are in the Jurassic Hanifa 
and Tuwaiq Mountain Formations and Cretaceous Shuʼaiba Formation. Large 
amounts of oil had been generated and expelled from these argillaceous carbonate 
source rocks into the overlying Jurassic carbonates of the Hanifa, Hadriya, 
Fadhili and Arab; and Cretaceous carbonates of the Shuʼaiba and carbonates/
clastics of the Wasia reservoirs (Figure 3). The thick Hith Formation forms 
the main effective seal for the Jurassic system. For the Cretaceous system, 
the Nahr Umr Shale at the base of the Wasia Formation forms the seal for the 
Shuʼaiba reservoir, and interbedded shales within the Wasia Formation are the 
seal for the different reservoir units within the Wasia Formation. Hydrocarbons 
found in the Jurassic and Cretaceous petroleum systems are typically medium 
to light oil and associated gas. The Cretaceous system contains mainly two 
groups: light oil in the Shuʼaiba carbonate reservoir of the Shaybah field, and
heavy to medium oil in the Wasia clastic reservoirs of the offshore Arabian 
Gulf fields. Hydrocarbon prospectivity for the Jurassic system is oil for most of
Eastern Arabia and gas for Southern Arabia. The potential for the Cretaceous 
section is mainly oil. This prospectivity is based on the present-day Hanifa and 
Shuʼaiba maturation maps.
The Paleozoic petroleum system came to the exploration game in Saudi 
Arabia in the 1980s. After finding prospective clastic reservoirs in the Ghawar
area (Abu Jifan field), the Central Arabian Arch was the first attempt in the late
1980s to test hydrocarbon occurrences below the Permian Khuff Formation 
outside Eastern Arabia. The Hawtah trend fields were discovered beginning in
1989, with very high gravity, low sulfur crude in the Carboniferous-Permian 
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Unayzah Formation. The known Paleozoic petroleum system consists of the 
Silurian “hot” basal Qusaiba shales as the principal, proven source rock. The 
main reservoirs are the Devonian Jauf carbonates, Carboniferous-Permian 
Unayzah sands and Permian Khuff carbonates. The regional seals are the basal 
Khuff clastics for the Carboniferous-Permian Unayzah reservoirs, interbedded 
shales for the Devonian Jauf reservoir and interbedded Permian anhydrites and 
Sudair Formation shales for the Khuff reservoirs. Hydrocarbons found in the 
Paleozoic petroleum system include non-associated gas in Eastern Arabia and 
extra light oil in Central Arabia. Hydrocarbon prospectivity for the Silurian 
petroleum system is mainly gas in Eastern and Southern Arabia, and oil in 
Central Arabia, based on the present-day Base Qusaiba maturation map.
Traps were generally developed in the different phases of the Arabian 
Plate tectonic history discussed in section 2.1.1. Structures were essentially 
developed during either Hercynian or late Cretaceous tectonic periods. For the 
Jurassic and Cretaceous petroleum systems oil has been generating since late 
Cretaceous/Tertiary times, and late Jurassic times for the Paleozoic Silurian 
petroleum system. Gas generation was mainly in late Cretaceous and Tertiary 
times from the Paleozoic Silurian petroleum system. Gas could have possibly 
been contributed by other, yet to be proven, Jurassic, Triassic and Paleozoic 
petroleum systems as will be discussed in the following section. 
31
2.4 Paleozoic Petroleum Geology
The Paleozoic petroleum geology of Saudi Arabia has been discussed in 
several, recent publications (Abu-Ali et al., 1991, 1999 and 2001; McGillivray 
and Al-Husseini, 1992; Mahmoud et al., 1992; Cole et al., 1994; Wender et al., 
1998; Jones and Stump, 1999; Konert et al., 2001; Abu-Ali and Littke, 2005). 
Figure 3 displays a generalized Saudi Arabian stratigraphic section.
As petroleum system components, the major source rocks occur 
predominantly in the Silurian (Base Qusaiba shales) and probably in the 
Ordovician Raʼan and Hanadir shales, Devonian Jauf shales and Carboniferous-
Permian basal Khuff clastics/Unayzah shales. Reservoir rocks are proven 
in the Devonian (Jauf sandstones), Carboniferous-Permian (Unayzah 
sandstones) and Permian-Triassic (Khuff carbonates), and are possible in 
the Ordovician Sarah sandstones and Silurian mid-Qusaiba sandstones as 
tested in a few wells. Seals for the Jauf and Unayzah reservoirs are the 
Devonian shales at the top of Jauf Formation (D3B) and the Permian basal 
Khuff clastics, respectively. The anhydrites within the Khuff Formation 
and the overlying Sudair Formation shales provide a seal for the different 
Khuff reservoirs. Traps are believed to have been formed during the five
major tectonic episodes discussed under Tectonic History.
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2.4.1 Stratigraphy 
In the study area which covers mainly the major Ghawar anticline and 
part of the Central Arabian structures (Figure 2), the Cambro-Ordovician 
Saq sandstones underlie the Upper Ordovician Qasim and Sarah Formations. 
Following the deglaciation of Gondwana land in the Silurian, the transgressive, 
radioactive (hot) base Qusaiba shales were deposited. These shales are 
organically rich and considered to be the primary source rock for the Paleozoic 
hydrocarbons discovered so far (Abu-Ali et al., 1991, 1999, 2001, 2005; 
McGillivray and Al-Husseini, 1992; Mahmoud et al., 1992; Cole et al., 1994; 
Jones and Stump, 1999). 
The Silurian Qusaiba shales are overlain by the mid-Qusaiba sands which 
have good reservoir potential. Above are the Late Sharawra and Devonian 
Tawil Formations that have poor reservoir quality due to the development of 
diagenetic cements. The marine Devonian Jauf Formation has an excellent 
potential as a reservoir and also possibly as a source rock, as discovered in the 
Hawiyah field (east flank of Central Ghawar) and farther north. The seal is the
Jauf shales and dolomites (D3B) and the base of the Khuff Formation where 
truncation occurs.
Removed by the major Hercynian unconformity, the pre-Hercynian 
Carboniferous section is absent over the Ghawar structure. The post-Hercynian 
Carboniferous-Permian Unayzah Formation constitutes the main Paleozoic 
hydrocarbon-bearing reservoir below the major Permian-Triassic Khuff gas 
reservoir (McGillivray and Al-Husseini, 1992; Senalp and Al-Duaiji, 1994; 
Evans et al., 1997; Wender et al., 1998). In the Permian, following the opening 
of the Neo-Tethys Ocean, the transgressive Khuff carbonates and dolomites 
were deposited. Basal Khuff clastics act as the major seal for the Carboniferous-
Permian Unayzah reservoir (Figure 3). 
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2.4.2 Source Rocks
The only proven source rock with stratigraphic significance for the
Paleozoic hydrocarbons in Eastern and Central Saudi Arabia is the Silurian 
basal “hot shale” Qusaiba Member of the Qalibah Formation (Abu-Ali et 
al., 1991, 1999 and 2001; McGillivray and Al-Husseini, 1992; Mahmoud et 
al., 1992; Cole at al., 1994). The Silurian base Qusaiba source rock contains 
type II organic matter with a “hot shale” thickness ranging from 10-250 ft (3-70 
m, Mahmoud et al., 1992; Wender et al., 1998; Abu-Ali et al., 1999, 2001and 
2005). This source rock is well established in North Africa as described by 
Lünning et al., 2000 and Yahi et al., 2001. 
Additional co-source rocks in the Carboniferous-Permian, Devonian and 
Ordovician successions can not be excluded. These source rock units may have 
possibly contributed appreciable amounts of hydrocarbons. They, however, are 
probably of limited thickness and lateral extent and have not been thoroughly 
sampled and analyzed. These units include but are not restricted to the upper 
Devonian shales, Carboniferous Unayzah shales, Permian basal Khuff shales 
and Ordovician Raʼan and Hanadir shales (Abu-Ali et al., 1991). Deeper infra-
Cambrian units have not been penetrated in the Arabian Peninsula, but are 
regarded as potential source rocks as proven in Oman (Grantham et al., 1987). 
pre-Cambrian-Cambrian rift basins can be identified on seismic in the Western
Rub  ʼAl-Khali Basin.
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2.4.3 Reservoirs and Hydrocarbons 
The main Paleozoic reservoirs are the Permian-Triassic Khuff, 
Carboniferous-Permian Unayzah and Devonian Jauf (Figure 3). Potential 
reservoirs include the Ordovician Sarah (immediately below the Qusaiba 
“hot shale” source rock) and the Silurian mid-Qusaiba (above Qusaiba 
source rock) sandstone units, where non-associated gas was tested. 
Hydrocarbons found in the main Paleozoic reservoirs include non-associated 
gas in Eastern Arabia (Khuff, Unayzah and Jauf reservoirs) and extra light oil 
with associated gas in the Unayzah reservoirs of Central Arabia and parts of 
Eastern Arabia (Niban and Tinat fields). Carbon isotopes strongly correlate
hydrocarbons found in the Devonian, Carboniferous and Permian reservoirs 
to the Silurian Qusaiba source rock extracts. There are also, to a lesser extent, 
reasonable isotopic correlations between these hydrocarbons and the Devonian 
and Ordovician potential source rock extracts (Abu-Ali et al., 1991; Cole et al., 
1994). Biomarker data, however, clearly distinguish the Silurian shales as the 
main source rock for the Paleozoic oils and condensates (Abu-Ali et al., 1991; 
Moldowan et al., 1994; Cole et al., 1994). 
Volatile oil, condensate and dry gas are found in both Central and Eastern 
Saudi Arabiaʼs Unayzah  reservoirs (e.g. in Tinat field where oil and gas occur
in different parts of the  field). There is a regional trend in these reservoirs with
volatile oil and condensate occurring mainly in Central Arabia (e.g. Hawtah 
trend fields) and more gas in  Eastern Saudi Arabia (e.g. in the Ghawar mega
structure). This regional trend can  easily be explained (see results section) by 
deeper burial and higher maximum temperatures in the Eastern area leading 
to more gas generation compared to  the Central Saudi Arabian area. In detail, 
occurrence of dry gas and volatile oil/condensate is rather difficult to explain
based on maturity pattern alone;  phase behavior, migration/accumulation 
history and timing greatly influence  the distribution. The API values for the
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volatile oils and condensates are in the 40-60  range, reflecting the high maturity
level of the liquids in both Central and Eastern Arabia. Gas/oil ratios (GORs) 
are quite variable and can rapidly change from  one well to the other, therefore, 
can not be accurately quantified. In general, it is much higher in the eastern
gas-rich Ghawar reservoirs compared  to the western gas-lean Hawtah trend 
fields of Central Arabia. In the Hawtah area of Central Arabia, the volatile oils
and condensates found there were subject to water washing that could have 
removed the soluble components such as methane and light aromatics. 
The gas /oil ratio (GOR) values in Central Arabiaʼs Hawtah trend fields are,
therefore, much lower than in the Ghawar area. The GOR values increase from 
south to north in the Ghawar reservoirs, suggesting a charging mechanism in 
the opposite direction. That is, the basin to the north of Ghawar is charging 
south of Ghawar reservoirs with more liquid hydrocarbons followed by gaseous 
hydrocarbons, making the north more gas-rich than the south.
There is also a clear distinction in the gas quality of the carbonate Khuff 
reservoir as opposed to the clastic Unayzah and Jauf reservoirs. The Khuff 
gas is sour with more H
2
S content than the Unayzah and Jauf gases. This is 
attributed to the deficiency of iron metal in carbonate settings, therefore, the
most probable form of sulfur will be the H
2
S gas. In clastic settings, however, 
iron is more abundant and any sulfur will be picked up by iron as pyrite. The 
process is known as iron-scavenging effect (Abu-Ali et al., 1991). The H
2
S 
gas in carbonate reservoirs is produced by thermochemical sulfate reduction 
(TSR) and is controlled by the reservoir temperature and form of anhydrite 
(Worden et al., 1995, 2000). Fluid inclusions studies on some Ghawar Khuff 
samples indicate that TSR started at 120-130 °C and that only finely crystalline
anhydrite have undergone TSR (Worden et al., 2004). 
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2.4.4 Seals 
The shales of the basal Khuff clastics are the regional seal for the 
Carboniferous-Permian Unayzah reservoirs. The interbedded Khuff 
evaporites are the main seals for the Khuff A, B and C reservoirs (Figure 3). 
The overlying Sudair Formation shales provide a regional seal for the Khuff 
Formation. Amongst all petroleum system parameters, the seal is the least 
studied and understood parameter. Seal efficiency will determine whether
hydrocarbons leak either vertically through the basal Khuff clastics due to 
thinning and/or fracturing or laterally via fault seal sand juxtaposition. 
For the Devonian Jauf and Silurian mid-Qusaiba sections, the interbedded, 
shaly/dolomitic D3B palynological marker of the Devonian Jauf and the 
Silurian Qusaiba shales will act as the top seal, respectively. A recent capillary 
pressure study of the Devonian D3B seal showed that a 15-45 foot interval 
of this unit  can hold a gas column of approximately 2000 feet before it is 
breached. Faulting  with more than 50 ft throw will, therefore, breach the Jauf 
D3B seal. 
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2.4.5 Timing of Trap Formation and Hydrocarbon Generation
Traps in the Paleozoic sections are classical four-way and a few are 
faulted, stratigraphic and combinational stratigraphic-structural. Most 
of the structural four-way closures were initiated in Hercynian times 
and continued to grow with time. Some, however, are Tertiary in age. 
The stratigraphic trap types are Jauf reservoir bounded by the Hercynian 
unconformity and/or Unayzah reservoir with strong lateral thickness and 
porosity variations. Post-Hercynian structural rejuvenation may have 
played a major role in hydrocarbon migration. Structures rejuvenating in 
the Cretaceous and Tertiary could have a higher chance trapping the late 
migrating gas compared to structures terminating growth in the Jurassic 
or Triassic. The latter ones will probably have a higher chance trapping 
oil first. Late migrating gas could have flushed oil out of the formed traps.
Traps that have been formed after peak gas expulsion will, therefore, 
be invariably dry (Udaynan structure). Fluid inclusions work, currently 
underway, should better refine trap filling history and explain the phase
behavior in some cases the same field like Tinat.
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3. METHODOLOGY 
3.1 Organic Carbon Content and Rock-Eval Pyrolysis
The assessment of the carbon content was performed with a LECO 
multiphase C/H/H2O analyzer. Rock-Eval analysis was performed with a 
Rock-Eval II instrument. Rock-Eval pyrolysis is a rapid screening method 
for the assessment of the quality and maturity level of petroleum source 
rocks (Espitalie et al., 1977; Katz, 1983). Samples with usually total organic 
carbon contents (TOC) in excess of 1%, good and reproducible values are 
obtained with respect to hydrocarbon liberation (S1 and S2 values). The 
quality of the S3 data (CO2 liberation) and the oxygen index (OI) derived from 
this parameter is, however, often poor. Temperatures of maximum product 
generation (Tmax) usually show a reproducibility of around +/- 2° C. The 
hydrogen index (HI) and the OI are derived from the S2 and S3 parameters, 
respectively, by normalization to the organic carbon content. All analyses were 
performed in duplicate and results were averaged. The TOC and Rock-Eval 
data for all available measurements are shown in Appendix II. 
3.2 Organic Petrology 
Detailed discussions on vitrinite reflectance (VR) measurement can be found
in Schenk et al., 1990; Van Krevelen, 1993 and Taylor et al., 1998. 
One hundred and thirty two (126 core and 6 cuttings) samples, representing 
mainly shaly lithologies from 17 wells (Figure 2), were analyzed using this 
method. Appendix I lists sample number, well name, subsea depth in meters, 
formation, age, number of measurements (N) and average vitrinite reflectance
data for all measured samples. Appendix II lists TOC and Rock-Eval data for 
all available measurements. Most TOC and Rock-Eval samples were analyzed 
in the laboratory of Aachen University, while a few samples were analyzed in 
Dhahran. All vitrinite reflectance samples were measured at Aachen University.
Most samples contained either vitrinite or solid bitumen. It was attempted 
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to measure 50 particles per sample. In some samples, however, less than 50 
particles were present and fewer measurements, therefore, were recorded. In 
addition, some fluorescence observations were made to obtain initial, qualitative
maturity and organic facies information. For all the samples, for which a valid 
vitrinite reflectance/solid bitumen reflectance could be established, only these
reflectance values are recorded. No attempt was made to calculate vitrinite
reflectance from solid bitumen reflectance as both are quite similar at the levels
of maturation (1.5 to 2.3%) at which pyrobitumen was mainly observed (Jacob, 
1989). Solid bitumen is mainly present in the Silurian samples and in porous 
carbonate lithologies in general and is regarded as a relic of former oil that has 
been generated. In many samples, higher reflecting particles predominate, but
measurements of these particles are not shown in order to provide valid maturity 
information. Several samples contained too little vitrinite/solid bitumen to 
establish a valid reflectance value. In this case, a spectrum of all particles was
measured (with up to 50 measurements per sample), but the mean reflectance
value was not used for maturity or paleo-temperature interpretation. 
For several wells a clear depth trend could be established from the measured 
data, which are shown in solid triangles in Figures 12-a to 12-p. Due to the 
sample selection, most data are from the Paleozoic section. For some wells, for 
which no data from the Mesozoic section are available (JAWB, JAUF, ABQQ, 
BRRI, UTMN and SDGM wells), the data on Jurassic samples from the QTIF 
well were plotted in the vitrinite reflectance-depth diagrams as solid circles,
just for rough orientation on the general trend of reflectance increase.
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3.3 Basin Modeling 
Petromod basin modeling software developed by Integrated Exploration 
Systems (IES) was used for burial history analysis and hydrocarbon generation 
and migration modeling throughout this study. The software suite covers the 
entire 1-D to 3-D range, with a finite element solver for temperature and
pressure coupled amongst others with hydrocarbon generation, migration and 
pressure-volume-temperature (PVT) modules. A 1-D simulation performs in 
a couple of minutes whereas a full 3-D run with migration can take several 
hours or days depending on the lateral and vertical grid resolution and on the 
processors computing parameters. 
Burial history analysis was performed on the sixteen wells investigated in this 
study using the Petromod 1-D application software. Conceptually, numerical 
basin modeling is to forward model the present-day sedimentary succession. 
The process is collectively called simulation and is comprised of (Welte and 
Yalcin, 1998; Littke et al., 2000):
1) deposition of decompacted sediments, 
2) compaction of sediments as a result of overload, the consequent expulsion 
of pore fill and porosity and permeability decrease, and
3) conductive and convective heat flow and changing thermal rock properties
resulting in variations of temporal and spatial subsurface temperatures.
To perform a full 3-D simulation, many input data are required. The 
backbones of the model are the depth maps which are used to create finite
element layers. The rock properties of these layers are described by facies 
maps and relating facies to typical physical properties. Facies maps are derived 
from Ziegler (2001) for the Mesozoic and Cenozoic and Konert et al. (2001) 
for the Paleozoic. Each map has been revised according to current knowledge 
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and each facies has been related to a lithology or set of lithologies with specific
rock properties. Each lithology is described with the following rock properties: 
porosity versus effective stress, matrix thermal conductivity and heat capacity, 
permeability versus porosity, capillary entry pressure versus permeability and 
porosity, and radiogenic heat production. Several geologic horizon maps were 
used in building the 3-D basin model. Some of the horizons are based on well 
and seismic data. These horizons include the Cretaceous Aruma Formation, the 
Jurassic Hith Formation and Arab-D reservoir, the Triassic Jilh dolomite, the 
Permian top and base Khuff Formations, the Silurian base Qalibah Formation 
and basement. In between all other maps were generated conformably using 
the horizons just above and below, and tying all penetrated wells. A total of 
25 to 30 horizon maps including the topographic surface were used in the 3-D 
volume dataset. The maps were generated using Zmap application software 
and used as input into the Petromod 3-D petroleum systems modeling software 
for simulation of petroleum generation and migration. 
Some effort was invested in assessing the porosity versus effective stress as 
many other rock properties are dependent on this function. For solid thermal 
conductivity and heat capacity only minor changes were made compared to 
the Petromod default data. Permeability versus porosity was grossly estimated. 
Forthcoming studies involving overpressures should refine the relationships.
Parameterization of the capillary entry pressures was done with available 
datasets and radiogenic heat production was estimated from natural gamma 
ray logs (Büker and Rybach, 1996). The upper thermal boundary conditions 
were created within Petromod with a module generating top temperature as a 
function of time and geographic location (Wygrala, 1987). The lower thermal 
boundary conditions were defined using heat flow at the base of the sedimentary
column. This heat flow is variable through space and increases from west to
east with burial history. The increase is in the range of about 15-20 mW/m2. 
The 1-D present-day heat flow values for the modeled wells are given in both
section 4.3 and Appendix III.
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Furthermore, source rock properties have to be defined. The base Qusaiba
source rock related data were modified from Abu-Ali et al., 1999. The typing
of the kerogen is based on Rock-Eval data. Type II/III Qusaiba shale with 
an average remaining HI of 126 has lower TOC values but is thicker than 
type II “hot shale” with an average remaining HI of 339 (Cole et al., 1994). 
The original HI value for the type II Qusiaba “hot shale” was estimated at 
approximately 450 (Dow, 1977). 
Vitrinite reflectance profiles measured from 132 samples representing 17
regional wells were constructed for each well. Both vitrinite reflectance
and temperature data collected from log runs, production and drill stem 
(DST) tests were used to calibrate the burial history models. The bottom-
hole temperature data was corrected using the Horner method to insure good 
quality and support the vitrinite calibration plots. The temperature calibrations 
are shown in Figures 12-a to 12-p in solid triangles, but are not tabulated. 
In a few cases, if production temperature data is available, it is plotted in 
solid circles for additional control. The vitrinite reflectance data calibrations
are also plotted in Figures 12-a to 12-p. Burial history models for all wells 
are shown in Figures 13-a to 13-p. The average vitrinite reflectance data is
tabulated in Appendix I along with the sample number, well name, subsea 
depth in meters, formation, age and number of measurements (N). TOC and 
Rock-Eval data are shown in Appendix II.
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4. RESULTS 
4.1 Total Organic Content and Rock-Eval Pyrolysis
Figure 10 shows a histogram of TOC values grouped according to 
stratigraphic age for all analyzed samples. The majority of the samples are 
either Silurian or Carboniferous-Permian in age. There is little coverage 
for Devonian and post-Triassic samples as well as the proven Silurian “hot 
shale” source rock. This is because sampling was focused on cored sections 
for sample quality purposes. There are fewer samples as TOC increases. This 
fact supports the unbiased nature of the sampling process as it emphasized 
the sample quality regardless of TOC. Above 1.0% TOC, the Silurian “hot 
shale” and Carboniferous-Permian samples stand out. 
When plotting the Rock-Eval S2 parameter versus TOC, a Hydrogen Index 
(HI) slope can be calculated. Since most of the samples in the study area 
represent mature to over-mature Silurian Qusaiba source rock, it was not 
attempted to generate such a plot. Initial HI values were much higher than those 
measured on the remaining potential of the matured samples. For example, 
an immature Silurian “hot shale” source rock sample from the Tayma well 
(TAYM) in northwest Saudi Arabia has an HI of 469 mg/g and a Tmax of 419 
°C, indicative of an oil-prone, immature Qusaiba source (Abu-Ali et al., 1999 
and 2001). The Silurian Qusaiba source rock, therefore, was oil-prone before 
generating and expelling hydrocarbons as the Tayma well data indicates. Today, 
most of the sampled area appears to be in the gas-generating stage or beyond as 
indicated from the present-day very low HI and very high Tmax values shown 
in Appendix II. 
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Figure 10: 
Total Organic Carbon (TOC) of the sampled wells is represented in age to illustrate the greater 
potential of the Silurian Qusaiba and “hot shale” source rocks. There are more samples with 
TOC content over 1% by weight from the Silurian interval compared with the other formations. 
The number of samples is shown on each age group.  
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4.2 Maturity and Temperature Data
Figure 11-a plots average vitrinite reflectance values versus subsea depth in
meters for all core and cuttings samples from the 132 samples representing 
the 17 wells. Out of the 17 wells, 16 are within the study area and a single 
well (TAYM) falls outside the study area. This well was chosen because it is 
the only well with immature organic matter. It should give real data on the 
geochemical characteristics of an immature Silurian Qusaiba source rock that 
has neither generated nor expelled any hydrocarbons. The plot shows a wide 
scatter of the data which can be interpreted in two ways. One would be fitting
a regional trend line through the data. Another interpretation would be drawing 
two trend lines breaking at about 3500 meters subsea depth. This could be the 
depth at which the Hercynian unconformity is approximately reworking some 
of the sediments above (Carboniferous and Permian) and the sediments below 
(Devonian and Silurian) resulting in younger sediments giving higher vitrinite 
readings than deeper ones. To further qualify the vitrinite data it was plotted by 
stratigraphic age to look for some more plausible interpretations. 
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 Figure 11-a: 
Average vitrinite reflectance values for all core and cuttings samples from the 132 samples
representing the 17 wells plotted against subsea depth in meters. 
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Figure 11-b sorts the data by stratigraphic age in order to differentiate each 
formation. The data was grouped into Ordovician/Older, Silurian, Devonian, 
Carboniferous, Permian, Triassic and Jurassic ages. Like the previous plot, this 
one still shows a scatter in the data displaying more lateral variation (different 
vitrinite readings for the same depth interval) for each stratigraphic age group. 
Although there is less scatter in the Jurassic and Triassic data, there are large 
variations for the data representing the Silurian, Devonian, Carboniferous 
and Permian age groups. The Permian samples which are not affected by the 
Hercynian clearly follow both the “shallow” and “deep” trend lines, indicating 
that the increase in maturity above and below 3500 meters is more related 
to depth of burial. The Devonian and Carboniferous sections which should 
be affected by the Hercynian Orogeny are only displayed in the “deeper” 
trend, suggesting there is no effect of the Hercynian event on the maturity 
trends. Higher paleo-heat flows during Cretaceous and Tertiary times in the
east (Ghawar) area compared to the west may, therefore, explain the different 
trend lines. In addition, there is a small effect of solid bitumen occurring in 
the deeply buried Silurian section which has a slightly higher reflectance
than vitrinite at reflectance values above 1.5-2.3% (Jacob, 1989; Taylor et al.,
1998). Furthermore, the data were checked for the influence of data quality by
distinguishing samples on which more than 15-20 measurements were made 
from those which contain only scarce vitrinite. Basically, the trend lines and 
information from the plots (Figures 11-a and 11-b) are not modified by selecting
only the high quality samples. 
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Figure 11-b: 
Average vitrinite reflectance values for all core and cuttings samples from the 132 samples
representing the 17 wells plotted against subsea depth in meters and sorted stratigraphically.
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Figure 11-c plots the same data, but groups it with organic maceral type. This 
grouping is arbitrary and classifies the maceral types according to the available
measurements. The macerals are grouped into vitrinite with measurements 
greater than 20; vitrinite with measurements less than 20; solid bitumen having 
50 measurements; solid bitumen with less than 15 measurements; re-sedimented 
vitrinite with more than 30 measurements; and lumped together are reworked 
organic matter, rare particles, non-reliable readings and inertinites. When sorting 
the vitrinite data by maceral type and number of measurements the uncertainty 
in having more representative vitrinite data gets lower. The vitrinite trend can 
now be better interpolated by placing less confidence on data representing
non-vitrinitic organic materials such as inertinite, reworked organic matter, 
macerals with fewer measurements (less than 20) and rare occurring macerals.
This synopsis leads to a depth of burial-related “dog leg” trend through the 
vitrinite data, especially the ones with more than 20 measurements and the solid 
bitumen data. The vitrinite data trend, therefore, is not related to Hercynian 
effects as will be demonstrated in the sensitivity analysis discussion. 
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Figure 11-c: 
Average vitrinite reflectance values for all core and cuttings samples from the 132 samples
representing the 17 wells plotted against subsea depth in meters and sorted by maceral type.
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Figures 12-a to 12-p display vitrinite and temperature calibrations versus 
subsea depth in meters for the sixteen wells in the study area (Figure 2). 
A perfect fit between the modeled curve and the observed temperature
and vitrinite data for vitrinite-like macerals and solid bitumen cannot be 
expected. This is due to data quality (temperature being uncorrected or 
less certain vitrinite macerals) or uncertain rock properties such as thermal 
conductivity. The vitrinite data are shown in solid triangles and represent 
average values of the total number of measurements as shown in Appendix 
1. The temperature calibrations are also shown in solid triangles and they 
were all corrected using the Horner method based on the original bottom-
hole temperature data provided in the well logs. In a few cases, where 
production temperature data is available, it is plotted in solid circles for 
additional control. The temperature calibrations for all wells are shown 
in Figures 12-a to 12-p, but are not tabulated like the vitrinite data.  Data 
for average vitrinite reflectance (Rr %) is shown in Appendix I, along
with sample number, well name, subsea depth in meters, formation, age 
and number of measurements (N). TOC and Rock-Eval data are shown in 
Appendix II.
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4.2.1 SDGM Well 
Seven core samples were studied (01-278-01/284, Appendix I, Figure 
12-a). The upper four samples are from the late Silurian and contain no 
organic particles or only inertinite at very low TOC concentrations. In one 
sample there are some yellow fluorescing relics of a former primary kerogen or
fluid inclusions which might represent former oil filling of part of the porosity. 
The lower three samples are from the Silurian and contain abundant 
organic particles. Mean values of 2.0% to 2.2% were established, but the 
best particles (large, well-polished) had a reflectivity of 2.2% (Sample 
284, Figure 12-a). Polishing was a problem due to the high quartz content. 
There are no shallow vitrinite data in this well, therefore, data from the 
Jurassic section in the QTIF well was plotted for guidance (Figure 12-a, 
solid circles). 
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Figure 12-a: 
Temperature and vitrinite 
reflectance calibrations for
the SDGM well. Depth vs. 
Horner-corrected, bottom-
hole temperature (top display) 
and depth vs. mean vitrinite 
reflectance data (bottom
display) are shown respectively. 
Observed data is plotted in 
solid triangles and correlated 
to the modeled curve (solid 
line). Solid circles indicate 
vitrinite data from the QTIF well 
shown only for comparison. 
The SDGM well was modeled 
using a present-day heat flow
value of 70 mW m-2.
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4.2.2 JAWB Well 
Twelve core samples were studied (01/298-01/309, Appendix I, Figure 12-b). 
In the Jurassic sample, no organic particles are present and the Triassic sample 
contains almost only inertinite with very few vitrinite grains (0.62%). In the 
Permian section, solution seams (stylolithes) in the carbonates contain most 
of the organic particles. In one sample many measurements were possible, but 
the high mean value suggests a predominance of organic particles which seems 
to be typical of the Permian in Saudi Arabia as seen from the examination 
of several Permian samples in this study. A lower mean value of 1.4% was 
established for one sample, but is based on fewer measurements. The underlying 
Carboniferous section contains abundant vitrinite with mean reflectance values
varying between 1.88% and 2.05% (Figure 12-b). The deepest Silurian samples 
contain mainly inertinite. Solid bitumen remains do occur, but are very small 
and could not be accurately measured; a value of roughly 2% reflectance was
estimated (Samples 308 and 309, Appendix I). Solid circles indicate data from 
the QTIF well for calibration with data from the shallower Jurassic section 
since the JAWB well lacks data in this interval.
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Figure 12-b: 
Temperature and vitrinite 
reflectance calibrations for
the JAWB well. Depth vs. 
Horner-corrected, bottom-hole 
temperature (top display) and 
depth vs. mean vitrinite reflectance
data (bottom display) are shown 
respectively. Observed data is 
plotted in solid triangles and 
correlated to the modeled curve 
(solid line). Solid circles indicate 
vitrinite data from the QTIF well 
shown only for comparison. The 
JAWB well was modeled using a 
present-day heat flow value of 70
mW m-2.
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4.2.3 TINT Well 
Fourteen core samples were studied (01/243-01/256, Appendix I, Figure 
12-c). For the Jurassic sample, a low reflectance of 0.59% was established,
confirmed by a low Tmax value. In the Permian section, the samples were 
rich in organic particles and reflectance values between 1.5% and 1.8%
were established. In view of the results on one excellent sample from the 
Carboniferous, these may be interpreted as vitrinite grains. The excellent 
sample from this well is from the Carboniferous, for which a reflectance
value of 1.17% was established. Data show little scatter and the value is 
well supported by a Rock-Eval Tmax value of 440°C (Appendix II). For the 
underlying Silurian, mean reflectance values between 1.54% and 1.87%
were established for vitrinite-like macerals and solid bitumen. 
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Figure 12-c: 
Temperature and vitrinite 
reflectance calibrations for
the TINT well. Depth vs. 
Horner-corrected, bottom-
hole temperature (top display) 
and depth vs. mean vitrinite 
reflectance data (bottom
display) are shown respectively. 
Observed data is plotted in 
solid triangles and correlated to 
the modeled curve (solid line). 
The TINT well was modeled 
using a present-day heat flow
value of 60 mW m-2.
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4.2.4 NYYM Well 
Seven core samples were studied (01/315-01/321, Appendix I, 
Figure 12-d). In the Permian section, one sample contains only little 
reworked organic matter. In contrast, the following sample is rich in 
organic matter and contains excellent vitrinite grains. A mean value of 0.6% 
was established (Figure 12- d), which is supported by the fluorescence of
the liptinite particles. The Tmax value of this sample (439 °C, Appendix II) 
is slightly higher than expected, but still confirms that the rock is immature.
The following four samples are of late Silurian ages and contain between 
0.3% and 0.5% TOC. Nevertheless, some reliable reflectance measurements
were obtained at 0.7% to 0.9% on vitrinite-like macerals and solid bitumen, 
reflecting a later stage of oil generation. A sample from basement which
contains less than 0.1% TOC was not possible to be measured for vitrinite 
reflectance.
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Figure 12-d: 
Temperature and vitrinite 
reflectance calibrations for
the NYYM well. Depth vs. 
Horner-corrected, bottom-
hole temperature (top display) 
and depth vs. mean vitrinite 
reflectance data (bottom display)
are shown respectively. Observed 
data is plotted in solid triangles 
and correlated to the modeled 
curve (solid line). The NYYM well 
was modeled using a present-day 
heat flow value of 50 mW m-2.
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4.2.5 HWYH Well 
Six core samples were studied (01/353 – 01/358, Appendix I, Figure 12-e). 
In the Permian section only very few organic particles could be measured and 
inertinite is predominant. Reflectance values of the very few non-inertinite
particles are at about 1.0%, but there is a great potential error in this value. The 
same holds true for the Silurian, in which also mainly inertinite grains and very 
few low reflecting particles were found. In the Silurian and Permian samples,
fluorescing alginite structures are present, roughly corresponding to 0.9%
vitrinite reflectance. The situation in the Ordovician section is slightly better
and a reflectivity of about 1.4% could be established based on measurements
on solid bitumen (Figure 12-e). This was established for only a small number 
of particles. Very dark fluorescence of liptinites confirms this maturation stage.
TOC contents reflect the very poor quality of the organic matter in the Permian
and Silurian sections (samples 01/353-01/356, Appendix II). Higher TOC 
contents were recorded for the two Ordovician samples (01/357-01/358). For 
these samples the HI values were low (15 and 24 mg/g TOC, respectively). The 
Tmax values of sample 01/357 was at 436°C while the 01/358 sample showed 
a very broad S2 peak with two maxima (330°C and 435°C, respectively). Both 
samples are clearly impregnated as evidenced by dominating S1 peaks and 
production index (PI) values of 0.47 and 0.76, respectively. 
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Figure 12-e: 
Temperature and vitrinite 
reflectance calibrations for
the HWYH well. Depth vs. 
Horner-corrected, bottom-
hole temperature (top display) 
and depth vs. mean vitrinite 
reflectance data (bottom display)
are shown respectively. Observed 
data is plotted in solid triangles 
and correlated to the modeled 
curve (solid line). The HWYH well 
was modeled using a present-day 
heat flow value of 70 mW m-2.
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4.2.6 JAUF Well 
Five core samples were studied (01/293 – 01/297, Appendix I, Figure 
12- f). In the Triassic section almost no organic matter (TOC less than 0.3%) 
is present and no organic particles except for few inertinites could be measured 
with no given mean reflectance value. In the Cambrian/pre-Cambrian Section
one sample contained slightly more organic material (01/296) and reflectance
measurements could be made. Most values are at 0.5% to 0.6% reflecting a very
low maturity of the section (Figure 12-f). The nature of the particles, whether 
primary autochthonous or secondary solid bitumen, was difficult to identify.
The particles occur isolated in the mineral groundmass and have a rounded 
shape. The low maturity of the rock is further documented by thin liptinites, 
probably lamalginite, occurring in a strongly fluorescing groundmass. No data
could be obtained for the other Cambrian/pre-Cambrian (01/297) sample of 
this well, in which the TOC value is below 0.3% and in which very few liptinite 
macerals seem to show only a dark, weak fluorescence.
63
���������������������
��� ��� ��� ��� ���
�
����
����
����
����
����
����
�
��
��
��
�
��
��
�
��������������
�����������
������
�������
�����
����
������
�������
������
������
��������������������
BHT Corrected Data
�������������
Jauf VR Data
���
�������
������
������
�����������
������
����
������
�����
�������
������������������������������ ����� ���
�������� ���� ���� ���� ���� ����
����
�
����
����
����
����
����
�
��
��
��
�
��
��
�
Figure 12-f: 
Temperature and vitrinite reflectance
calibrations for the JAUF well. 
Depth vs. Horner-corrected, bottom-
hole temperature (top display) and 
depth vs. mean vitrinite reflectance
data (bottom display) are shown 
respectively. Observed data is plotted 
in solid triangles and correlated to 
the modeled curve (solid line). Solid 
circles indicate vitrinite data from the 
QTIF well shown only for comparison. 
The JAUF well was modeled using a 
present-day heat flow value of 60 mW
m-2.
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4.2.7 QTIF Well 
Five core samples were studied (01/322 – 01/326, Appendix I, Figure 
12-g). In the Jurassic, sample 01/322 revealed no measurable particles, but 
some alginite structures were visible with abundant pyrite particles. In contrast, 
few but reliable vitrinite particles could be measured on sample 01/323, with 
an average reflectance of 0.74% (Figure 12-g). In the Jurassic sample 01/324,
about fifty vitrinite grains could be measured with a mean value of 0.72%. The
two deepest samples contained only high reflecting inertinite. Rock-Eval Tmax 
values confirm the mature nature of samples 323 and 324 (Appendix II).
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Figure 12-g: 
Temperature and vitrinite 
reflectance calibrations for
the QTIF well. Depth vs. 
Horner-corrected, bottom-
hole temperature (top 
display) and depth vs. mean 
vitrinite reflectance data
(bottom display) are shown 
respectively. Observed data 
is plotted in solid triangles 
and correlated to the 
modeled curve (solid line). 
The QTIF well was modeled 
using a present-day heat 
flow value of 70 mW m-2.
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4.2.8 WAQR Well 
Seven core samples were studied (01/260 – 01/266, Appendix I, Figure 
12- h). In the Triassic sample 01/260, reflectance measurements are at 0.83%.
This stage of maturation is confirmed by Rock-EvalTmax values and by brightly
fluorescing liptinite particles. The following two Permian samples 01/261 and
01/262 are characterized by a very dark fluorescence of liptinite particles and by
a predominance of vitrinite grains of high reflectance. For the deeper sample, a
mean reflectance of 1.46% was established (Figure 12-h). Similar values were
also measured in the upper sample, but no mean value is documented. In the 
underlying Devonian section, samples 01/264 and 01/265 allowed for accurate 
reflectance measurements; in the other two samples (01/263 and 01/266), only
very few organic particles are present. The mean values for 01/264 and 01/265 
are at 1.69% (solid bitumen in a former oil shale) and 1.47% reflecting the
gas generation stage. This is confirmed by Tmax values of 455°C and 464°C
(Appendix II).
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Figure 12-h: 
Temperature and vitrinite reflectance
calibrations for the WAQR well. 
Depth vs. Horner-corrected, 
bottom-hole temperature (top 
display) and depth vs. mean vitrinite 
reflectance data (bottom display)
are shown respectively. Observed 
data is plotted in solid triangles and 
correlated to the modeled curve 
(solid line). The WAQR well was 
modeled using a present-day heat 
flow value of 65 mW m-2.
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4.2.9 ABQQ Well 
Six core samples were studied (01/359 – 01/364, Appendix I, Figure 12-i). 
All samples contained little organic carbon and reflectance measurements were
difficult to impossible. In the Jurassic sample, only one grain with a reflectance
of 1.39% could be measured; this is of course not reliable. The Permian 
sample 01/360 is virtually devoid of any organic matter and no particles could 
be measured there. For the Devonian sample 01/361 a reflectance value of
1.95% was established and for the underlying late Silurian rocks 01/362 and 
01/363 values of 2.27% and 2.05% were obtained, reflecting an over-mature
stage (Figure 12- i). Higher reflecting, inertinitic compounds do predominate
in these samples. No reflectance values could be obtained for the deepest
samples because any possible vitrinite grains are extremely small. In sample 
01/362 some dark reflecting masses of organic matter were found, possibly
reflecting a late impregnation. In summary, the maturation situation in this well
was extremely difficult to establish due to the low TOC content, and the small
nature of possible vitrinite grains. It was not possible to determine whether the 
measured particles are autochthonous or solid bitumen.
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Figure 12-i: 
Temperature and vitrinite reflectance
calibrations for the ABQQ well. Depth 
vs. Horner-corrected, bottom-hole 
temperature (top display) and depth vs. 
mean vitrinite reflectance data (bottom
display) are shown respectively. 
Observed data is plotted in solid 
triangles and correlated to the modeled 
curve (solid line). Solid circles indicate 
vitrinite data from the QTIF well shown 
only for comparison. The ABQQ well 
was modeled using a present-day heat 
flow value of 65 mW m-2.
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4.2.10 MZLJ Well 
Five core samples were studied (01/310 – 01/314, Appendix I, Figure 12-j). 
All samples are from the Silurian, covering only a small depth interval. These 
samples are rich in organic carbon and good reflectance measurements were
obtained for all the samples. The mean values vary between 1.56% and 1.68% 
(Figure 12-j) with very little scatter. Rock-Eval Tmax values between 441°C 
and 455 °C (Appendix II) confirm this gas stage of maturation. Furthermore,
HI values suggest a significant remaining hydrocarbon generation potential.
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Figure 12-j:
Temperature and vitrinite 
reflectance calibrations for
the MZLJ well. Depth vs. 
Horner-corrected, bottom-
hole temperature (top display) 
and depth vs. mean vitrinite 
reflectance data (bottom
display) are shown respectively. 
Observed data is plotted in solid 
triangles and correlated to the 
modeled curve (solid line). The 
MZLJ well was modeled using 
a present-day heat flow value
of 65 mW m-2.
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4.2.11 HRDH Well 
Twenty core and cuttings samples were studied (01/327 – 01/346, Appendix 
I, Figure 12-k). In the Permian interval, only for sample 01/331 a clear result 
was obtained. For this sample, a mean vitrinite reflectance of 0.93% was
established (Figure 12-k). The bright, yellow-orange fluorescence of alginite
and the Tmax value of 437 °C clearly support this result. For the underlying 
Silurian section (01/332- 01/337) mean reflectance values between 1.18 and
1.34 could be established, partly based on a great number of measurements 
per sample. These values are supported by Rock-Eval Tmax values of 435 to 
445 for the more TOC-rich samples and by a weak orange fluorescence of few
liptinites. Thus, the Silurian rocks are in the latest stage of oil generation. Much 
less measurements were possible in the Silurian interval (01/338-01/341), but 
values seem to be in the same range or slightly higher than in the Silurian. No 
measurements were possible in the pre-Cambrian (01/342-01/346, Appendix I) 
because of a complete absence of organic particles which is confirmed by low
TOC values (Appendix II).
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Figure 12-k: 
Temperature and vitrinite 
reflectance calibrations for
the HRDH well. Depth vs. 
Horner-corrected, bottom-hole 
temperature (top display) and 
depth vs. mean vitrinite reflectance
data (bottom display) are shown 
respectively. Observed data is 
plotted in solid triangles and 
correlated to the modeled curve 
(solid line). The HRDH well was 
modeled using a present-day heat 
flow value of 65 mW m-2.
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4.2.12 HWTH Well 
Six core samples were studied (01/347 – 01/352, Appendix I, Figure 
12-l). For the Permian sample 01/347 a reliable reflectance value of 
0.69% was established, whereas no autochthonous vitrinites were 
found in the underlying Carboniferous sample 01/348. The Silurian 
samples revealed good results with mean reflectance values at 0.7% 
(Figure 12-l), with the exception of sample 01/351. These values are 
supported by well-identifiable brightly yellow fluorescing alginite in 
all of the samples (01/348 contains only few liptinites). 
75
���������������������
��� ��� ��� ��� ���
�
����
����
�
��
��
��
�
��
��
� ������
��������������
�����������
�����
������������
��������������
������
�����
������������
�����������
������������������������������ ����� ���
�������� ���� ���� ���� ���� ����
����
�
����
�
��
��
��
�
��
��
�
Figure 12-l: 
Temperature and vitrinite reflectance
calibrations for the HWTH well. Depth 
vs. Horner-corrected, bottom-hole 
temperature (top display) and depth 
vs. mean vitrinite reflectance data
(bottom display) are shown respectively. 
Observed data is plotted in solid 
triangles and correlated to the modeled 
curve (solid line). The HWTH well was 
modeled using a present-day heat flow
value of 50 mW m-2.
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4.2.13 BRRI Well 
Five core samples were studied (01/369 – 01/373, Appendix I, Figure 
12-m). All samples are from the Silurian covering only a small depth 
interval. Very good results were obtained for all samples reflecting a 
mean reflectance of 2.5% (Figure 12-m). All the organic particles reflect 
over-mature solid bitumen in a former very rich oil shale that must have 
produced great volumes of hydrocarbons in the past. 
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Figure 12-m: 
Temperature and vitrinite 
reflectance calibrations for
the BRRI well. Depth vs. 
Horner-corrected, bottom-
hole temperature (top display) 
and depth vs. mean vitrinite 
reflectance data (bottom
display) are shown respectively. 
Observed data is plotted in 
solid triangles and correlated to 
the modeled curve (solid line). 
Solid circles indicate vitrinite 
data from the QTIF well shown 
only for comparison. The BRRI 
well was modeled using a 
present-day heat flow value of
65 mW m-2.
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 4.2.14 SAHB Well 
Eleven core samples were studied (01/267 – 01/277, Appendix I, Figure 
12-n). The Jurassic sample 01/267 is characterized by a reflectance value of
0.58% and contains brightly yellow fluorescing alginite supporting the low
maturity. Much less measurements were possible on the Triassic sample 
01/268, in which organic particles are concentrated along stylolithes. In 
the Permian (samples 01/269-01/272) organic particles are abundant and 
generally exhibit reflectance values between 1.5% and 2.0% (Figure 12-
n). These values reflect the presence of two populations, one at 1.5%
reflectance and the other at almost 2.0% reflectance (there are also particles
of even higher reflectance, which were not measured). The low reflecting
population probably reflects the state of thermal maturation better than
the high reflecting population. The samples representing the Silurian
are characterized by even higher reflectance values which could be best
established for samples 01/273 and 01/274. The lower values found in 
sample 01/277 are based on extremely few, very small particles and are not 
reliable. With the exception of the uppermost Jurassic sample, the rocks did 
not show any clear liptinite fluorescence.
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Figure 12-n: 
Temperature and vitrinite 
reflectance calibrations for
the SAHB well. Depth vs. 
Horner-corrected, bottom-
hole temperature (top 
display) and depth vs. mean 
vitrinite reflectance data
(bottom display) are shown 
respectively. Observed data 
is plotted in solid triangles 
and correlated to the modeled 
curve (solid line). The SAHB 
well was modeled using a 
present-day heat flow value
of 70 mW m-2.
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4.2.15 UTMN Well 
Three core samples were examined (01/257-01/259, Appendix I, Figure 12-o) 
covering the Silurian Qusaiba Member of the Qalibah Formation. The first two
measurements represent twenty five readings, while the last one only reflects
seven readings. The mean reflectance values range from 1.55% to 1.73%, with
very small vitrinite particles. All three samples have marginal organic content 
(0.5 % TOC) with unreliable Tmax values (Appendix II).
4.2.16 TAYM Well 
Eight core samples were studied (01/285-01/292, Appendix I). The samples 
represent immature-early mature Silurian Qusaiba Member source rocks. The 
TAYM well was selected because of its shallow depth compared to the other 
wells in the study area. The source rock interval represents the earliest stage of 
oil generation for the Silurian Qalibah Formation. All the samples except the 
last one are Silurian in age and vitrinite particles were quite abundant as the 
number of measurements exceeds thirty. The range of vitrinite reflectance is
from 0.48% to 0.62% (Appendix I). The last sample is probably Ordovician in 
age and it represents the Sarah Formation. A mean reflectance value of 0.9% is
obtained for the deepest sample. There is no TOC or Rock-Eval data available 
for the well, however, previous analysis of the same interval proves its rich 
organic content and low thermal maturity level from Tmax measurements (Abu-
Ali et al., 1999, 2001). A plot was not generated for the TAYM well because of 
its shallow depth.
81
���������������������
��� ��� ��� ��� ���
�
����
����
����
����
����
����
�
��
��
��
�
��
��
�
�������
������
�����
����
�����
�����������
�����
�����
�������
�����
����
�����������
������
����������������������������������������
������������������������
������������������������������ ����� ���
�������� ���� ���� ���� ���� ����
����
�
����
����
����
����
�
��
��
��
�
��
��
�
Figure 12-o: 
Temperature and vitrinite 
reflectance calibrations for
the UTMN well. Depth vs. 
Horner-corrected, bottom-hole 
temperature (top display) and 
depth vs. mean vitrinite reflectance
data (bottom display) are shown 
respectively. Observed data is 
plotted in solid triangles and 
correlated to the modeled curve 
(solid line). Solid circles indicate 
vitrinite data from the QTIF well 
shown only for comparison. The 
UTMN well was modeled using a 
present-day heat flow value of 75
mW m-2.
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4.2.17 HLWH Well 
Five core and cuttings samples were examined (01/376-01/380, Appendix 
I, Figure 12-p). The vitrinite particles in this well were less abundant and the 
organic matter in the Silurian samples was reworked. The Permian sample 
(01/376) has eight readings with an average reflectance of 0.6%. The Silurian
sample (01/377) has only one measurement, therefore, its reflectance of 0.58%
is less reliable. The second Silurian sample (01/378) represents eight readings 
and an average reflectance of 0.61% (Figure 12-p). The third Silurian sample
(01/379) represents cuttings of material and is barren. The deepest sample 
is believed to be Cambrian in age and has twelve readings and an average 
reflectance of 0.78%. The overall assessment of this well in terms of vitrinite
is weak. Data from the same stratigraphic interval and depth in the nearby 
HWTH well (01/349 and 350), however, supports the 0.61% reflectance for the
Silurian interval. TOC and Rock-Eval were not performed in this well, but data 
is believed to be not too different from the HWTH well, with marginal richness 
and Tmax values reflecting early maturity stage.
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Figure 12-p: 
Temperature and vitrinite 
reflectance calibrations for
the HLWH well. Depth vs. 
Horner-corrected, bottom-
hole temperature (top display) 
and depth vs. mean vitrinite 
reflectance data (bottom
display) are shown respectively. 
Observed data is plotted in solid 
triangles and correlated to the 
modeled curve (solid line). The 
HLWH well was modeled using 
a present-day heat flow value of
50 mW m-2.
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4.3 Thermal and Burial History Modeling 
Burial history curves for the sixteen wells in the study area are shown in Figures 
13-a to13-p. A constant heat flow value of 60 mW m-2 was first attempted to
model the burial histories of the  wells. When this simple approach is used, the 
calculated present-day maturity and temperature curves for all wells do not 
completely correlate with the observed vitrinite reflectance and temperature
values, but are close to them. Consequently, another approach was employed 
using a slightly different geographically varying heat flow trend.
In this approach, a heat flow decreasing westwards was applied, which more
favorably reflects the evolution of the Arabian Peninsula. The latter approach is
considered to be part of a tectonically stable platform influenced by compressive
tectonic activities. In such settings heat flow values are not extraordinarily
high, unlike in extensional regimes where much higher heat flows and heat
flow variations are expected due to thinning of the crust (Yalcin et al., 1997). In
order to match the observed present-day temperature and vitrinite reflectance
values, present heat flow values had to be increased to approximately 75 mW
m-2. This increase is more pronounced in the east (SDGM, UTMN and JAWB) 
than in the west (NYYM). This steady, west (50 mW/m2 in the NYYM well) 
to east (75 mW/m2 in the UTMN well) increase in heat flow is consistent
with the west-east increasing depth of burial and the present-day maturity map 
of the Silurian Qusaiba source rock (Figure 16-a). The maturity map shows 
an increase in maturation from west (oil-mature) to east (gas mature to over-
mature). Appendix III contains the formation names, lithologies, ages and 
present-day heat flow values for all the 16 wells used in the study.
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By examining the burial history curves (Figures 13-a to 13-p) one can notice 
that the deepest burial is attained in the Cretaceous and Tertiary. Early burial 
followed by Hercynian uplift and erosion only led to some limited petroleum 
generation during this period, whereas highest temperatures were definitely
only reached during the Cretaceous/Tertiary period of maximum burial. As 
a consequence, it can be deduced that major generation and migration of 
hydrocarbons from the Silurian source rock only started in Jurassic times (for 
oil) and even later for gas (Cretaceous and Tertiary). Apatite Fission Track 
Analysis (AFTA) data is being attempted to confirm the period of deepest
burial.
Uplift and erosion during the Cretaceous would have had significant
impact since it coincided with oil and gas generation and migration timing. 
To quantify the amount of possible uplift and erosion during the Cretaceous, 
different scenarios were tested in the models and the effects on present-day 
temperature and maturity profiles were studied. This is going to be discussed
under sensitivity analysis for two wells in the study area (SDGM and NYYM). 
The stratigraphy, lithology and burial histories of the 16 wells are going to be 
discussed in detail. The maturation window is overlaid in color on the burial 
history curves of the 16 wells (Figures 13-a to 13-p) to show the maturity of the 
Silurian Qusaiba source rock according to Sweeney and Burnham, 1990.
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4.3.1 SDGM Well 
The SDGM well, on the Ghawar structure, reached a total depth in the 
Ordovician Qasim Formation. The stratigraphy of the well consists of about 
400 ft of Ordovician sandstone section overlain by 1130 ft of a Silurian Qalibah 
Formation shale section. The Hercynian unconformity (PUU: pre-Unayzah 
unconformity) has eroded the Silurian, Devonian and Lower Carboniferous 
Berwath sections. The Upper Carboniferous was either not deposited or has 
been eroded by the pre-Khuff unconformity (Figure 3). The Unayzah and 
Jauf reservoirs are, therefore, not present in this well. The Jauf reservoir, in 
particular, exists to the east of the SDGM field and is eroded towards the crest
and western flank of the field. The Unayzah reservoir is totally eroded in the
SDGM field. Above the Silurian sits the Permian Khuff Formation, which is
1665 ft thick and consists of dolomite at the top and shale and sandstone at 
the bottom of the formation in the basal Khuff clastics section. The Triassic 
Sudair, Jilh and Minjur Formations are 2347 ft thick and are composed of 
sandstone and dolomite in the top Minjur and Jilh Formations and shale in the 
Sudair Formation. The Jurassic section is slightly more than 4000 ft thick and 
is mainly dominated with limestone and argillaceous limestone at the bottom 
in the Tuwaiq and Dhruma Formations and anhydrite at the top in the Hith 
Formation. The Cretaceous and Tertiary sections are the thickest section in this 
well with about 5500 ft thickness. The section is dominated with carbonates 
in the Sulaiy and Shuʼaiba Formations; sandstone and shale in the Wasia 
Formation and carbonates and anhydrites in the overlying Aruma, Rus and 
Dammam Formations. Appendix III contains the formation names, lithologies 
and ages for the SDGM well.
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The burial history of the SDGM well (Figure 13-a) was modeled using a 
constant present-day heat flow value of 70 mW m-2. The model does not apply
uplift and erosion during the major tectonic periods as the effect is insignificant
on present-day maturity and temperature trends. The well had continuous 
burial throughout its history with the deepest burial attained in the Cretaceous 
and Tertiary times. The burial history curve shows that the Silurian Qalibah 
“hot shale” source rock has been in the “oil window” since the late Jurassic 
and is today in the late “gas window,” roughly at 2% VR using the Sweeney 
and Burnham 1990 scale. Figure 12-a displays the present-day, calculated 
temperature and maturity profiles (solid lines) and the observed data is shown
in solid triangles. At a heat flow value of 70 mW m-2, there is an excellent fit
between the calculated temperature curve (top curve) and the Horner-corrected, 
bottom-hole temperature values obtained from the logs. For the maturity profile
(bottom curve) measured vitrinite data was only available in the Silurian “hot 
shale” source rock section (2.05%, 1.98% and 2.15% VR, Appendix I). The 
vitrinite data is quite reliable as it represents 18-50 measurements on abundant 
vitrinite-like macerals or solid bitumen. Due to absence of vitrinite data in the 
shallow section, some Mesozoic data from the QTIF well are plotted as well 
(solid circles in Figure 12-a). The QTIF VR data represents the same section 
(Dhruma) as the SDGM well at approximately the same depth interval. 
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Figure 13-a: 
Burial history plot for the SDGM well showing depth vs. geologic time for all the geologic layers in 
the well. The maturation window is overlaid in color to show the maturity of the Silurian Qusaiba 
source rock.  The Silurian Qalibah “hot shale” source rock has been in the "oil window" since the 
late Jurassic and is today in the late "gas window," roughly at 2% VR using the Sweeney and 
Burnham 1990 scale. The SDGM well was modeled using a present-day heat flow value of 70
mW m-2.
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4.3.2 JAWB Well 
The JAWB well, southwest of Ghawar, reached a total depth in the Silurian 
Sharawra Member of the Qalibah Formation. It is about a 400 ft thick shale 
section and unconformably above it is the Carboniferous-Permian Unayzah 
Formation. The Devonian and Berwath Formations are totally missing by the 
Hercynian erosion. The Unayzah section is 963 ft thick and is composed of 
siltstone and shale in the Unayzah-A and sandstone in the Unayzah-B. The 
Permian Khuff section is 1443 ft thick and is composed of mainly dolomite 
lithology, with occasional limestone at the top of the section and intermittent 
anhydrite within the dolomite. Above it is the Triassic Sudair and Jilh 
Formations. They are 1437 ft thick and contain shale in the Sudair Formation 
and interbedded dolomite, shale and siltstone in the overlying Jilh Formation. 
The Jurassic section is 2735 ft thick and is dominated with argillaceous 
limestone in the Dhruma and Hanifa Formations, anhydritic limestone in the 
Arab Formation and anhydrite in the Hith Formation. The Cretaceous section is 
the thickest in this well, with 5748 ft of mixed carbonate and clastic lithologies. 
At the base of the Cretaceous section are the Sulaiy and Buwaib Formations 
with mainly limestone lithologies. Above are the Biyadh Formation with silty 
limestone and Shuʼaiba Formation with mostly limestone lithology. The Wasia 
Formation overlies the Shuʼaiba Formation with dolomite and limestone at the 
top and shale and sandstone at the bottom. At the top of the Cretaceous section 
the Aruma Formation sits unconformably over the Wasia Formation. It is made 
up of argillaceous limestone and dolomite lithologies. The Tertiary section is 
less than 1000 ft thick and consists of argillaceous limestone and anhydrite 
lithologies. Appendix III contains the formation names, lithologies and ages 
for the JAWB well.
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The burial history curve for the JAWB well is shown in Figure 13-b. The 
well was modeled with a present-day heat flow value of 70 mW/m2. The model
does not apply uplift and erosion during the major tectonic periods as the effect 
is insignificant on present-day maturity and temperature trends. The well had
continuous burial throughout its history with the deepest burial attained in the 
Cretaceous and Tertiary times. The Silurian Qalibah Formation source rock 
is presently in the late gas stage, approximately at 2% VR using the Sweeney 
and Burnham 1990 scale. The base Qusaiba “hot shale” is missing in this well. 
The temperature calibration is shown in Figure 12-b. The model is somewhat 
thermally hotter than the observed, Horner-corrected bottom-hole temperature 
readings using the 70 mW/m2 heat flow value. In order to fit the data, the heat
flow has to be decreased to 60-65 mW/m2. This will result in lowering the
maturity curve model leading to the observed vitrinite data being higher than 
the model (Figure 12-b, bottom curve). The vitrinite reflectance data is based
on abundant vitrinite macerals and 50 measurements, especially for the deepest 
samples (2.67, 1.88, 1.95, 2.01 and 1.97 values, Appendix I). It is, therefore, 
more certain to honor the vitrinite calibration than the temperature calibration 
and use the 70 mW/m2 heat flow value for the model. The temperature
calibration, though corrected, could be more uncertain due to drilling fluids
cooling effect on the temperature readings. Two vitrinite data (0.62 in the 
Triassic Jilh and 2.67 in the Permian Khuff sections, Appendix I) do not fit in
the curve as the former is on the low side and may not be representative as it 
is based only on three readings. The latter is on the high side because it is rich 
with re-sedimented particles which might lead to higher readings (Figure 12-
b). Similar to the SDGM well, the QTIF well data is plotted in solid circles. 
Both the JAWB and QTIF wells were modeled with a similar heat flow value
of 70 mW/m2. 
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Figure 13-b: 
Burial history plot for the JAWB well showing depth vs. geologic time for all the geologic layers in 
the well. The maturation window is overlaid in color to show the maturity of the Silurian Qusaiba 
source rock. The Silurian Qalibah Formation source rock is presently in the late gas stage, 
approximately at 2% VR using the Sweeney and Burnham 1990 scale. The base Qusaiba “hot 
shale” is missing in this well. The JAWB well was modeled using a present-day heat flow value
of 70 mW m-2.
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4.3.3 TINT Well 
The TINT well, south of Ghawar, reached a total depth in the Ordovician Sarah/
Qasim Formation. It is a 550 ft thick sandstone unit that is overlain by a 116 ft 
Qusaiba “hot shale” interval, a 717 ft mid-Qusaiba sandstone unit and a 136 ft 
Qusaiba shale unit. The Hercynian and pre-Khuff unconformities have eroded the 
section between the Silurian Qalibah Formation and the Carboniferous Unayzah-
B reservoir, removing the whole Devonian section, the Berwath Formation and 
the remainder of the Unayzah Formation, respectively. The Unayzah section 
is 1575 ft thick and consists of mainly sandstone and subordinate siltstone 
lithologies. The Permian Khuff Formation is about 1500 ft thick and is dominated 
by anhydritic dolomites at the base of the Khuff and limestone and dolomite 
at the top of the formation. The Triassic section is 2365 ft thick and is made 
up of shale and sandstone in the Sudair Formation, anhydritic dolomites in the 
Jilh formation and sandstone and shale in the Minjur Formation. The Jurassic 
section is approximately 3000 ft thick and contains argillaceous limestone in the 
Marrat Formation, limestone in the Dhruma Formation, argillaceous limestone 
and limestone in the Tuwaiq Mountain Formation, limestone in the Hanifa 
Formation, anhydritic limestones and limestone in the Arab Formation and 
anhydrite in the Hith Formation. The Cretaceous and Tertiary sections are the 
thickest in this well with a total thickness of about 7100 ft. The Sulaiy, Buwaib, 
Biyadh and Shuʼaiba Formations have mainly limestone lithologies. The Wasia 
Formation overlies the Shuʼaiba Formation with dolomite and limestone at the 
top and shale and sandstone at the bottom. At the top of the Cretaceous section 
the Aruma Formation sits unconformably over the Wasia Formation. It is made 
up of argillaceous limestone and dolomite lithologies. The Tertiary section 
is made up of limestone and anhydrite lithologies. Appendix III contains the 
formation names, lithologies and ages for the TINT well.
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The burial history curve for the TINT well is shown in (Figure 13-c). The 
well was modeled with a present-day heat flow value of 60 mW/m2. The model
does not apply uplift and erosion during the major tectonic periods as the effect 
is insignificant on present-day maturity and temperature trends. The well
had continuous burial throughout its history with the deepest burial attained 
in the Cretaceous and Tertiary times. The Silurian Qalibah Formation “hot 
shale” source rock is presently in the late gas stage, approximately at 1.9% 
VR using the Sweeney and Burnham 1990 scale. The temperature and vitrinite 
calibrations are shown in Figure 12-c. The temperature data shows a very good 
fit between the observed, corrected bottom-hole temperature readings (solid
triangles) and the modeled curve (solid line). Additional temperature readings 
obtained from production data confirms the quality of the temperature data
and it is shown in solid circles. The vitrinite data calibration (Figure 12-c, 
bottom curve) shows a fair fit to the Silurian data (1.54% to 1.87%, Appendix
I) and a scattered fit to the base Khuff data. This could be explained by the
number of vitrinite readings and/or type of vitrinite macerals. The base Khuff 
data is dominated by re-sedimented vitrinite particles which could cause this 
scatter in the vitrinite reflectance data. On the other hand, the Silurian data is
based mostly on vitrinite-like particles, although in both data sets the number 
of readings was more than 15. The overall calibration in the TINT well is 
considered to be good. 
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Figure 13-c: 
Burial history plot for the TINT well showing depth vs. geologic time for all the geologic layers in 
the well. The maturation window is overlaid in color to show the maturity of the Silurian Qusaiba 
source rock. The Silurian Qalibah Formation “hot shale” source rock is presently in the late gas 
stage, approximately at 1.9% VR using the Sweeney and Burnham 1990 scale. The TINT well 
was modeled using a present-day heat flow value of 60 mW m-2.
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4.3.4 NYYM Well 
The NYYM well in central Arabia reached a total depth in basement. The 
basement is about 100 ft thick. Immediately above basement is a 2334 ft thick 
Ordovician Sarah sandstone section, with the rest of the Ordovician (Qasim 
Formation) and Cambrian sections missing. The Silurian Qalibah Formation is 
3387 ft thick and is mainly made up of shale. The basal “hot shale” of the Qalibah 
Formation is very thin (5-10 ft thick). The Qalibah Formation is unconformably 
overlain by the Unayzah Formation, with the Hercynian unconformity eroding 
the rest of the Carboniferous (Berwath Formation) and all of the Devonian 
sections. The Carboniferous-Permian Unayzah Formation is 481 ft thick and 
is composed of sandstone and siltstone lithologies of the base Khuff clastics, 
Unayzah-A and Unayzah-B reservoirs. The Permian Khuff Formation is 1235 
ft thick and contains dolomite, limestone and interbedded anhydrite lithologies. 
The Triassic section is 2379 ft thick with mainly shale in the Sudair Formation, 
dolomite in the Jilh Formation and sandstone and shale in the Minjur Formation. 
The Jurassic section is about 3000 ft thick and is dominated by argillaceous 
limestone in the Dhruma Formation, limestone in the Tuwaiq Mountain and 
Hanifa Formations, dolomitic limestone and interbedded anhydrites in the 
Arab Formation and anhydrite in the Hith Formation. The Cretaceous section 
is mostly missing and is only represented by the Sulaiy and Buwaib Formations 
totaling 760 ft of limestone and dolomite section. Appendix III contains the 
formation names, lithologies and ages for the NYYM well.
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The burial history curve for the NYYM well is shown in Figure 13-d. The 
well was modeled with a present-day heat flow value of 50 mW/m2. The
model does not apply uplift and erosion during the major tectonic periods 
as the effect is insignificant on present-day maturity and temperature trends.
The well had continuous burial throughout its history with the deepest burial 
attained in the Jurassic time (Figure 13-d). The Silurian Qalibah Formation 
“hot shale” source rock is presently in the oil stage, roughly at 0.7%-0.8% VR 
using the Sweeney and Burnham 1990 scale. The source rock is at the onset of 
oil generation. This is in accordance with the regional dip to the east and the 
eastward deeper burial. Both the temperature and maturity trends (Figure 12-d) 
have a reasonably good fit with the observed data. The temperature data was
based on bottom-hole temperature readings from logs and was corrected using 
the Horner method. The vitrinite data represents mostly over 20 measurements 
and reflects vitrinite-like macerals and solid bitumen as the dominant organic
matter type in the measured Silurian section (0.85%, 0.83% and 0.87% VR, 
Appendix I).
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Figure 13-d: 
Burial history plot for the NYYM well showing depth vs. geologic time for all the geologic layers in 
the well. The maturation window is overlaid in color to show the maturity of the Silurian Qusaiba 
source rock. The Silurian Qalibah Formation “hot shale” source rock is presently in the oil stage, 
roughly at 0.7%-0.8% VR using the Sweeney and Burnham 1990 scale. The NYYM well was 
modeled using a present-day heat flow value of 50 mW m-2.
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4.3.5 HWYH Well 
The HWYH well, on the Ghawar structure, reached a total depth in the 
Ordovician Sarah Formation. It is a 178 ft thick sandstone and siltstone 
formation overlain by 44 ft of the Silurian Qusaiba “hot shale” source rock. 
Above the Qusaiba shale is a 491 ft unit of the mid-Qusaiba sandstone; and 
a 517 ft unit of both the Qusaiba Member shale and the Sharawra Member 
sandstone and shale. The Hercynian pre-Unayzah unconformity has eroded 
all the section between the Silurian Qalibah Formation and the Lower 
Carboniferous Unayzah Formation, removing all of the Devonian and Lower 
Carboniferous Berwath Formations. The Upper Carboniferous section is either 
not deposited or has been eroded by the pre-Khuff unconformity (Figure 3). 
The Hercynian erosion on the crest of the Ghawar structure is estimated at 
about 3500 ft (Wender et al., 1998). Immediately above the Silurian section 
is the Permian Khuff Formation, which is 1469 ft thick and is composed of 
dolomite and interbedded anhydrites. The Triassic section is 2314 ft thick and 
contains shale in the Sudair Formation, dolomite in the Jilh Formation and 
sandstone and siltstone in the Minjur Formation. The Jurassic section is about 
3700 ft thick (thicknesse for the Arab to the Dammam Formations were not 
available in the HWYH well used in this study, therefore, information was 
taken from a nearby well with a similar elevation and thickness). It consists of 
argillaceous limestone in the Marrat, Dhruma and Hanifa Formations; limestone 
and anhydrite in the Arab Formation; and anhydrite in the Hith Formation. The 
Cretaceous and Tertiary sections are approximately 5100 ft thick and represent 
the thickest section in the well. The sections are dominated by limestone in 
the Sulaiy Formation; sandstone in the Biyadh Formation; limestone in the 
Shuʼaiba Formation; sandstone and shale in the Wasia Formation; limestone 
in the Aruma Formation; and dolomitic limestone, anhydrite and limestone in 
the Tertiary Umm Er Radhuma, Rus and Dammam Formations. Appendix III 
contains the formation names, lithologies and ages for the HWYH well.
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The burial history model for the HWYH well is shown in Figure 13-e. The 
well was modeled with a present-day heat flow value of 70 mW/m2. The model
does not apply uplift and erosion during the major tectonic periods as the effect 
is insignificant on present-day maturity and temperature trends. The well had
continuous burial throughout its history with deepest burial attained in the 
Cretaceous and Tertiary times. The Silurian Qalibah Formation “hot shale” 
source rock is presently in the gas stage, roughly at 1.3%-1.4% VR using the 
Sweeney and Burnham 1990 scale. The vitrinite and temperature calibrations 
are shown in Figure 12-e. The temperature calibration (top plot, solid triangles) 
was based on bottom-hole temperature readings from logs and was corrected 
using the Horner method. The temperature fit is very good at the modeled 70
mW/m2 heat flow value. The vitrinite calibration (Figure 12-e, bottom plot)
displays four data points in the Permian and Ordovician sections. The vitrinite 
data represents average values with readings less than 12 suggesting a limited 
number of measured vitrinite particles (Appendix I). The deeper two Ordovician 
samples (1.43% and 1.4% VR) may be better controlled since they represent 
reflectance of solid bitumen compared to the first two Permian samples (1.07%
and 0.84% VR) that are dominated with inertinite. The vitrinite calibration is, 
therefore, matching the lower data points at the modeled heat flow value of 70
mW/m2. 
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Figure 13-e: 
Burial history plot for the HWYH well showing depth vs. geologic time for all the geologic layers in 
the well. The maturation window is overlaid in color to show the maturity of the Silurian Qusaiba 
source rock. The Silurian Qalibah Formation “hot shale” source rock is presently in the gas 
stage, roughly at 1.3%-1.4% VR using the Sweeney and Burnham 1990 scale. The HWYH well 
was modeled using a present-day heat flow value of 70 mW m-2.
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4.3.6 JAUF Well 
The Jauf well, northwest of Ghawar, reached a total depth in possibly 
pre-Cambrian meta-sediments. The section below the base of the Khuff 
Formation was not conclusively determined. This section is 1714 ft thick and 
contains siltstone, shale and meta-sediments. The Hercynian pre-Unayzah 
and pre-Khuff unconformities must have removed all the section below 
the Unayzah and Khuff Formations, respectively. Unconformably above 
the pre-Cambrian is the Khuff Formation with a total thickness of 1467 ft 
of dolomitic limestone and thin beds of anhydrites. The Triassic section is 
2520 ft thick and is made up of anhydrite and dolomite in the Sudair and 
Jilh Formations, and sandstone and shale in the Minjur Formation. The 
Jurassic section is the thickest in this well (4526 ft thick) and is dominated 
by argillaceous limestone in the Marrat and Dhruma Formations, and 
dolomite in the Arab Formation. The Hith Formation and the different Arab 
reservoirs are missing with no presence of interbedded anhydrite within 
the Arab Formation as expected. The Cretaceous and Tertiary sections are 
4286 ft thick and contain limestone and dolomite in the Buwaib Formation, 
sandstone in the Biyadh, Shuʼaiba and Wasia Formations, dolomitic 
limestone and shale in the Aruma Formation, and dolomitic limestone 
and anhydrite in the overlying Tertiary section (Umm Er Radhuma, Rus 
and Dammam Formations). Appendix III contains the formation names, 
lithologies and ages for the JAUF well.
The burial history model for the Jauf well is shown in Figure 13-f. The well 
was modeled with a present-day heat flow value of 60 mW/m2. The model
does not apply uplift and erosion during the major tectonic periods as the effect 
is insignificant on present-day maturity and temperature trends. The well had
continuous burial throughout its history with the deepest burial attained in 
the Cretaceous and Tertiary times. The Silurian Qalibah Formation is not 
present on the JAUF structure. The oil and gas found in the Triassic Minjur 
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Formation on the JUAF structure had to be generated from a non-Silurian 
source rock, possibly from thin shales within the Triassic Minjur or Jilh 
Formation. The Triassic Formations in the burial history model are presently 
in the oil stage, roughly at 0.7%-0.8% VR using the Sweeney and Burnham 
1990 scale. Gas can only be generated from the pre-Saq section which is 
roughly at the beginning of the gas stage (1.1% VR) using the Sweeney and 
Burnham 1990 scale. The vitrinite and temperature calibrations are shown 
in Figure 12-f. The temperature calibration (top plot, solid triangles) was 
based on bottom-hole temperature readings from logs and was corrected 
using the Horner method. Temperature data from production tests was used 
for additional control and are shown in solid circles. The temperature fit is
quite good at the 60 mW/m2 heat flow value. The vitrinite calibration (Figure
12-f, bottom plot), however, is based only on one data point in the Permian 
Khuff Formation with an average reading of 0.53% VR. Although this data 
point was based on 33 particle measurements, the nature of the particles, 
whether primary autochthonous or secondary solid bitumen, was difficult
to identify. The low maturity level of the Khuff sample is not supported 
by any other value in this section, therefore, more emphasis is put on the 
temperature measurements and a higher maturity level is predicted for this 
well as modeled. For this reason the vitrinite reflectance maturity values in
the Dhruma Formation from the QTIF well are used to guide the calibration 
of the maturity plot for the JAUF well (Appendix I). The QTIF well data 
comes roughly from the same depth interval in the Dhruma Formation as in 
the JAUF well and plots slightly higher than the modeled curve (solid circles, 
Figure 12-f).
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Figure 13-f: 
Burial history plot for the JAUF well showing depth vs. geologic time for all the geologic layers in 
the well. The maturation window is overlaid in color to show the maturity of the Silurian Qusaiba 
source rock. The Silurian Qalibah Formation is not present on the JAUF structure. The Triassic 
Formations are presently in the oil stage, roughly at 0.7%-0.8% VR using the Sweeney and 
Burnham 1990 scale. The JAUF well was modeled using a present-day heat flow value of 60
mW m-2.
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4.3.7 QTIF Well 
The QTIF well, north of Ghawar, reached a total depth in the Devonian 
Jauf Formation. The Jauf is 600 ft thick with sandstone lithology. The Jauf is 
unconformably overlain by the Permian Khuff Formation. The Hercynian pre- 
Unayzah unconformity has eroded the lower Carboniferous section (Berwath 
Formation) and the pre-Khuff unconformity has eroded part of the Permian 
(upper Unayzah) and lower Unayzah sections. The Permian Khuff Formation 
is 1950 ft thick and contains dolomite and occasional limestone and anhydrite. 
The Triassic section is 2773 ft thick and is made up of shale, anhydrite and 
dolomite in the Sudair Formation, dolomite, anhydrite and shale in the Jilh 
Formation and dolomite and sandstone in the Minjur Formation. The Jurassic 
section is 3753 ft thick and is represented by limestone in the Marrat and 
Dhruma Formations, argillaceous limestone in the Tuwaiq Mountain, Hanifa 
and Jubaila Formations, limestone and anhydrite in the Arab Formation and 
anhydrite in the Hith Formation. The Cretaceous section is 4206 ft thick and 
is the thickest interval in this well. It is dominated by shale and limestone 
in the Sulaiy, Yamama, Buwaib and Biyadh Formations, limestone in the 
Shuʼaiba Formation, limestone, shale and sandstone in the Wasia Formation 
and argillaceous limestone in the Aruma Formation. The Tertiary section is 
eroded in this well. Appendix III contains the formation names, lithologies and 
ages for the QTIF well.
The burial history model for the QTIF well is shown in Figure 13-g. The 
well was modeled with a present-day heat flow value of 70 mW/m2. The
model does not apply uplift and erosion during the major tectonic periods 
as the effect is insignificant on present-day maturity and temperature trends.
The well had continuous burial throughout its history with the deepest burial 
attained in the Cretaceous time. The Silurian source rock section is not 
penetrated in this well, therefore, maturity can not be assessed at the Qusaiba 
level. The base of the Devonian Jauf, assuming having source potential, 
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however, is well within the gas stage, roughly at 1.4% VR using the Sweeney 
and Burnham 1990 scale. The temperature and vitrinite calibrations are shown 
in Figure 12-g. The temperature calibration (top plot, solid line) shows a 
good correlation to the observed, Horner-corrected bottom-hole data. The 
maturity calibration (bottom plot), however, is only based on two vitrinite 
data points in the Dhruma Formation. These points (0.74% and 0.72% VR, 
Appendix I) are based on 14 and 50 average measurements and represent 
vitrinite reflectance values. The deeper 4.19% value in the pre-Permian
section represents a sample rich in inertinite macerals, therefore, this value 
is of a less quality than the other two and was not used in the calibration. The 
overall calibration for the QTIF well is reasonable and is more controlled by 
the temperature data calibration. 
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Figure 13-g: 
Burial history plot for the QTIF well showing depth vs. geologic time for all the geologic layers in 
the well. The maturation window is overlaid in color to show the maturity of the Silurian Qusaiba 
source rock.  The Silurian source rock section is not penetrated in this well. The base of the 
Devonian Jauf, assuming having source potential, is well within the gas stage, roughly at 1.4% 
VR using the Sweeney and Burnham 1990 scale. The QTIF well was modeled using a present-
day heat flow value of 70 mW m-2.
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4.3.8 WAQR Well 
The WAQR well, west of Ghawar, reached a total depth in the Silurian mid- 
Qusaiba sand interval, therefore, did not penetrate the Silurian “hot shale” 
source rock. The penetrated Silurian section is 1282 ft thick with sandstone 
at the bottom, sandstone and shale in the overlying Qusaiba Member and 
sandstone in the Sharawra Member at the top. Above the Silurian lies the 
Devonian section with about 1000 ft of sandstone lithology in the Tawil, 
Jauf and Jubah Formations. The pre-Khuff unconformity has eroded part of 
the Lower Carboniferous Unayzah Formation leaving the Unayzah-A and B 
reservoirs. The Hercynian unconformity must have removed the Carboniferous 
Berwath Formation unless it had not been deposited. The total thickness of 
the Unayzah Formation is 834 ft thick with mostly sandstone lithology and 
subordinate siltstone stringers. The Permian Khuff Formation is 1542 ft thick 
with dolomite, limestone and occasional anhydrite lithologies. The Triassic 
section is about 2900 ft thick with shale and anhydrite in the Sudair Formation, 
anhydrite, marl and dolomite in the Jilh Formation and sandstone with some 
siltstone in the Minjur Formation. The Jurassic section is 3182 ft thick and 
is dominated with limestone in the Marrat, Dhruma and Tuwaiq Mountain 
Formations, anhydritic limestone in the Arab Formation and anhydrite in the 
Hith Formation. The Cretaceous section is the thickest interval in the well with 
over 5000 ft of mixed limestone, sandstone and dolomite lithologies. Appendix 
III contains the formation names, lithologies and ages for the WAQR well.
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The burial history curve for the WAQR well is shown in Figure 13-h. The 
well was modeled with a present-day heat flow value of 65 mW/m2. The model
does not apply uplift and erosion during the major tectonic periods as the effect 
is insignificant on present-day maturity and temperature trends. The well had
continuous burial throughout its history with the deepest burial attained in the 
Cretaceous time. The Silurian “hot shale” source rock was not penetrated in this 
well and only the upper part of the Qalibah Formation was present (Sharawra 
and Qusaiba Members). The base of the Upper Silurian Qalibah Formation 
is presently in the gas stage, at about 1.4%-1.6% VR using the Sweeney and 
Burnham 1990 scale. The temperature calibration shows a slightly hotter 
model than observed, Horner-corrected bottom-hole temperature data (Figure 
12-h, top plot solid triangles). Additional temperature data points were also 
available from production tests (solid circles) but they still show lower values 
than the modeled curve. The maturity calibration, however, shows a fairly 
good correlation to the observed data (Figure 12-h, bottom plot). The vitrinite 
reflectance values given in Appendix I show an average of 16 measurements of
0.83% in the Triassic sample. The 1.46% value for the Permian sample based 
on 50 measurements could be on the high side since it is dominated by re-
sedimented vitrinite particles. The deeper Devonian samples with 1.69% and 
1.47% values represent solid bitumen reflectance and the former is based on
50 measurements, therefore, the 1.69% value is the most reliable data point for 
this well. The vitrinite calibration curve in the WAQR well is better controlled 
than the temperature one at the modeled heat flow value.
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Figure 13-h: 
Burial history plot for the WAQR well showing depth vs. geologic time for all the geologic layers in 
the well. The maturation window is overlaid in color to show the maturity of the Silurian Qusaiba 
source rock.  The Silurian “hot shale” source rock was not penetrated in this well and only the 
upper part of the Qalibah Formation was present (Sharawra and Qusaiba Members). The base 
of the upper Silurian Qalibah Formation is presently in the gas stage, at about 1.4%-1.6% VR 
using the Sweeney and Burnham 1990 scale. The WAQR well was modeled using a present-day 
heat flow value of 65 mW m-2.
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4.3.9 ABQQ Well 
The ABQQ well, north of Ghawar, reached a total depth in the Ordovician 
Qasim Formation. The Qasim is composed of about 273 ft of sandstone, 
overlain by a thin sandstone interval of Ordovician Sarah Formation. Above 
it sits the Silurian Qalibah Formation with 1522 ft of mixed shale, siltstone 
and sandstone lithologies at the top of the Qalibah and about 16 ft of “hot 
shale” at the base of it. The Devonian section, represented by the Tawil, Jauf 
and Jubah Formations, is about 2000 ft thick above the Qalibah Formation 
and it is composed of mostly siltstones and sandstones. The Permian Khuff 
Formation unconformably overlies the Devonian section with about 1750 
ft of limestone and dolomite. The Carboniferous Lower Unayzah and the 
Carboniferous-Permian Upper Unayzah sections must have been removed by 
the pre-Khuff unconformity. The Hercynian unconformity must have removed 
the Carboniferous Berwath Formation unless it had not been deposited. The 
Triassic Minjur, Jilh and Sudair Formations are approximately 2500 ft thick 
and contain predominantly sandstones mixed with siltstones at the top and 
shales at the bottom. The Jurassic section (Marrat, Dhruma, Tuwaiq, Hanifa, 
Jubaila, Arab and Hith Formations) is 3406 ft thick and is mainly dominated by 
limestones interbedded with shales and siltstones. The Hith Formation, at the 
top of the Jurassic section, is totally composed of anhydrites. In the Cretaceous 
and Tertiary, about 4900 ft of mixed limestone, sandstone, shale, and dolomite 
lithologies dominate the section. Appendix III contains the formation names, 
lithologies and ages for the ABQQ well.
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The burial history curve for the ABQQ well is shown in Figure 13-i. The well 
was modeled with a present-day heat flow value of 65 mW/m2. The model
does not apply uplift and erosion during the major tectonic periods as the effect 
is insignificant on present-day maturity and temperature trends. The well had
continuous burial throughout its history with the deepest burial attained in the 
Cretaceous and Tertiary times. The base of the Silurian Qalibah Formation 
source rock is presently in the late gas stage, slightly above 2.2% VR using 
the Sweeney and Burnham 1990 scale. The temperature data shows a good fit
between the modeled curve and the observed, corrected bottom hole temperature 
measurements (Figure 12-i, top plot). There was no production temperature 
data for this well. As for the VR maturity calibration, the ABQQ VR data is 
shown in triangles and the three points in the Paleozoic section correlate quite 
reasonably with the modeled curve (Figure 12-i, bottom plot). The shallower 
data point in the Jurassic does not fall within the trend line and this could 
be due to the data quality obtained from this sample. The 1.39% VR reading 
only represents one measurement, therefore, less confidence is placed on this
reading. Because the ABQQ VR data is not reliable, data from the QTIF well 
was plotted for comparison as it corresponds roughly to the same section and 
both wells have close heat flow values. The QTIF well VR data is plotted in
solid circles and shows a good correlation to the trend line, especially the two 
points in the Jurassic section (Dhruma and Marrat Formations). The deepest 
VR data from QTIF (4.19%) was not plotted as the sample is dominated by 
inertinite macerals that may have caused this vitrinite reading to be on the high 
side. The sample is also based only on six measurements.
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Figure 13-i: 
Burial history plot for the ABQQ well showing depth vs. geologic time for all the geologic layers in 
the well. The maturation window is overlaid in color to show the maturity of the Silurian Qusaiba 
source rock. The base of the Silurian Qalibah Formation source rock is presently in the late gas 
stage, slightly above 2.2% VR using the Sweeney and Burnham 1990 scale. The ABQQ well 
was modeled using a present-day heat flow value of 65 mW m-2.
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4.3.10 MZLJ Well
The MZLJ well, west of Ghawar, reached a total depth in the Ordovician Sara/ 
Qasim Formation. The Ordovician section is 560 ft thick and is composed of 
sandstone and occasional shale lithologies. Above this section lies the Silurian 
Qalibah Formation with a total thickness of about 1800 ft. The Qusaiba 
Member shale is present together with the mid-Qusaiba sand above it. The 
Permian Khuff Formation is unconformably overlying the Silurian section. The 
Hercynian pre-Unayzah unconformity has eroded the Devonian and Lower 
Carboniferous Berwath Formations, and the pre-Khuff unconformity has 
eroded the upper Unayzah section, respectively. The Permian Khuff Formation 
is approximately 1500 ft thick and is dominated by dolomite and anhydrite 
with occasional limestone. The Triassic section is 3536 ft thick and contains 
the Sudair Formation shale; the Jilh Formation dolomite, anhydrite and marl; 
and the Minjur Formation sandstone and shale. The Jurassic section is roughly 
3700 ft thick and is made up of limestone and shale in the Marrat Formation, 
limestone in the Dhruma, Tuwaiq Mountain and Hanifa Formations, anhydritic 
limestone in the Arab Formation and anhydrite in the Hith Formation. The 
Cretaceous section is 4165 ft thick and is considered the thickest interval in this 
well. It contains mixed carbonate and clastic lithologies. Appendix III contains 
the formation names, lithologies and ages for the MZLJ well.
The burial history curve for the MZLJ well is shown in Figure 13-j. The well 
was modeled with a present-day heat flow value of 65 mW/m2. The model
does not apply uplift and erosion during the major tectonic periods as the effect 
is insignificant on present-day maturity and temperature trends. The well had
continuous burial throughout its history with the deepest burial attained in the 
Cretaceous time. The base of the Silurian Qalibah Formation source rock is 
presently in the gas stage, approximately at 1.5%-1.6% VR using the Sweeney 
and Burnham 1990 scale. The temperature calibration shows a significant
hotter model than the observed, Horner-corrected bottom-hole temperature 
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data (Figure 12-j, top plot, solid triangles). Although there were additional 
temperature data from production tests they still show lower values than the 
model (solid circles). At the modeled heat flow value, the vitrinite calibration
(bottom plot), however, shows a very good fit to the observed data. The vitrinite
data represents the Silurian interval in the MZLJ well with readings exceeding 
30 and macerals containing abundant vitrinite particles. In addition, the average 
values for all Silurian samples were consistent in the examined 50 ft interval 
(1.56%-1.68% VR, Appendix I). Although there is no vitrinite data in the 
shallow section, it is assumed that the vitrinite calibration is more reliable than 
the temperature one at the modeled heat flow value of 65 mW/m2.
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Figure 13-j: 
Burial history plot for the MZLJ well showing depth vs. geologic time for all the geologic layers in 
the well. The maturation window is overlaid in color to show the maturity of the Silurian Qusaiba 
source rock.  The base of the Silurian Qalibah Formation source rock is presently in the gas 
stage, approximately at 1.5%-1.6% VR using the Sweeney and Burnham 1990 scale. The MZLJ 
well was modeled using a present-day heat flow value of 65 mW m-2.
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4.3.11 HRDH Well 
The HRDH well, on the Ghawar structure, reached a total depth in the 
Cambrian-Ordovician Saq Formation. It is a 1732 ft thick sandstone section 
that is overlain by 1524 ft thick Ordovician Qasim and Sarah Formations. 
The Qasim Formation is composed of thin Hanadir Member shale; Kahfah 
Member sandstone; Raʼan Member sandstone and shale; and Quwarah 
Member sandstone. The Sarah Formation sandstone is immediately underlying 
the Silurian “hot shale”. The Silurian section is 596 ft thick and contains the 
Qusaiba “hot shale” at the base and the Qusaiba Member shale at the top.
The Carboniferous-Permian section sits unconformably over the Silurian 
section with the Devonian section removed by the Hercynian pre-Unayzah 
unconformity. The Carboniferous-Permian section is 121 ft thick and consists 
of the Unayzah sandstone reservoir, the second major Paleozoic hydrocarbon 
reservoir after the Khuff reservoir in the HRDH field of the Ghawar structure.
The Permian Khuff Formation is 1443 ft thick and is dominated by dolomite 
and occasional limestone and anhydrite. The Triassic section is 2211 ft thick 
and is made up of shale in the Sudair Formation; dolomite and anhydrite in 
the Jilh Formation and sandstone and shale in the Minjur Formation. The 
Jurassic section is 3409 ft thick and consists of argillaceous limestone in the 
Marrat, Dhruma and Hanifa Formations; limestone and anhydrite in the Arab 
Formation; and anhydrite in the Hith Formation. The Cretaceous and Tertiary 
sections are 5036 ft thick and represent the thickest section in the well. The 
sections are dominated by limestone in the Sulaiy Formation; sandstone in the 
Biyadh Formation; limestone in the Shuʼaiba Formation; sandstone and shale 
in the Wasia Formation; limestone in the Aruma Formation; and dolomitic 
limestone, anhydrite and limestone in the Tertiary Umm Er Radhuma, Rus and 
Dammam Formations. Appendix III contains the formation names, lithologies 
and ages for the HRDH well. 
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The burial history model for the HRDH well is shown in Figure 13-k. The 
well was modeled with a present-day heat flow value of 65 mW/m2. The model
does not apply uplift and erosion during the major tectonic periods as the effect 
is insignificant on present-day maturity and temperature trends. The well had
continuous burial throughout its history with the deepest burial attained in the 
Cretaceous and Tertiary times. The base of the Silurian Qalibah Formation 
“hot shale” source rock is presently in the gas stage, roughly at 1.3% VR using 
the Sweeney and Burnham 1990 scale. The temperature calibration shows a 
hotter model than the observed, Horner-corrected bottom-hole temperature 
data (Figure 12-k, top plot, solid triangles). There is an additional temperature 
data point from a production test that still plots lower than the model (solid 
circle). At the modeled heat flow value, the vitrinite calibration (bottom plot),
however, shows a better fit to the observed data. The vitrinite data represents the
Permian, Silurian and pre-Cambrian intervals in the HRDH well with readings 
ranging from 6-50. The vitrinite macerals contain abundant liptinite and alginite 
fluorescence supported by Rock-Eval Tmax data. The vitrinite calibration is, 
therefore, more reliable than the temperature calibration in this well.
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Figure 13-k: 
Burial history plot for the HRDH well showing depth vs. geologic time for all the geologic layers in 
the well. The maturation window is overlaid in color to show the maturity of the Silurian Qusaiba 
source rock. The base of the Silurian Qalibah Formation “hot shale" source rock is presently 
in the early gas stage, roughly at 1.3% VR using the Sweeney and Burnham 1990 scale. The 
HRDH well was modeled using a present-day heat flow value of 65 mW m-2.
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4.3.12 HWTH Well 
The HWTH well (westernmost well, Figure 2) in Central Arabia reached 
a total depth in the Silurian Qusaiba Member. It represents the shallowest 
maximum burial in the study area, compared with the easternmost JAWB well 
(Figure 13-b) that has the deepest burial history. The Qusaiba is 97 ft thick 
and contains mainly shale lithology. The Carboniferous-Permian Unayzah-
B reservoir lies unconformably above the Qusaiba, with the Hercynian pre-
Unayzah unconformity having removed the lower part of the Carboniferous 
Berwath and the Devonian Formations. The Unayzah-A and B reservoirs 
are 213 ft thick with sandstone and siltstone lithologies. The Permian Khuff 
Formation is 1191 ft thick with limestone, dolomite and interbedded anhydrites. 
The Triassic section is the thickest in this well with 1575 ft thickness. It is 
represented by shale in the Sudair Formation and dolomite in the Jilh Formation. 
The Jurassic and Cretaceous sections are not penetrated in this well as the former 
is outcropping in the area and the latter is removed by erosion. Appendix III 
contains the formation names, lithologies and ages for the HWTH well.
The burial history model for the HWTH well is shown in Figure 13-l. The 
well was modeled using a present-day heat flow value of 50 mW/m2. The
model does not apply uplift and erosion during the major tectonic periods as the 
effect is insignificant on present-day maturity and temperature trends. The well
had continuous burial throughout its history with the deepest burial attained 
in the Tertiary time. The base of the Silurian Qusaiba Member is presently 
immature. The source rock at this location has, therefore, not generated any 
liquid hydrocarbons yet. The Unayzah reservoir gas in this field had to be
charged through lateral (long-distance) migration from the basin to the east as 
indicated on the present-day base Qusaiba maturity map in Figure 16-a. The 
temperature and vitrinite calibrations are shown in Figure 12-l. The temperature 
data (top plot) represents corrected bottom-hole temperature from a nearby well 
with similar stratigraphy and elevation. The displayed data points, therefore, 
go deeper than the stratigraphy of the well. The temperature correlation is fair. 
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The vitrinite calibration (bottom plot) represents data from the same well and 
shows a cooler model than the observed data at the modeled 50 mW/m2 heat 
flow value. Although the maturity data represents more than 20 measurements
and the vitrinite particles are supported by good fluorescence of alginite, the
calibration is rather poor. By increasing the heat flow value to higher than 50
mW/m2 a better calibration may result, however, the nearby fields such as
HLWH and NYYM have a similar heat flow value. By examining the vitrinite
data from the NYYM and HLWH wells, the NYYM sample had a reflectance
value of 0.87% (with 50 measurements) in the Silurian Sharawra Member at a 
depth of 4000-5000 ft deeper than the HWTH sample, with a 0.67% VR value 
representing 50 measurements in the Qusaiba Member. The HLWH data is less 
reliable since there are very few measurements (less than 12) compared with 
the NYYM and HWTH wells. The HWTH well data, therefore, has to be on 
the low heat flow side. The temperature calibration is the more reliable one for
this well and the overall calibration is in accordance with the nearby NYYM 
and HLWH wells.
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Figure 13-l: 
Burial history plot for the HWTH well showing depth vs. geologic time for all the geologic layers in 
the well. The Silurian Qusaiba source rock is presently immature. The HWTH well was modeled 
using a present-day heat flow value of 50 mW m-2.
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4.3.13 BRRI Well 
The BRRI well, north of Ghawar, reached a total depth in the Ordovician 
Qasim Formation. Its lithology is mainly shale and siltstone. Above it is the 
Silurian Qalibah Formation with a lithology composed of shale at the bottom 
(Qusaiba Member) and a mixture of shale and siltstone at the top (Sharawra 
Member). Both the Ordovician and Silurian sections are about 1942 ft thick. 
The Hercynian Orogeny has eroded the section between the Silurian and the 
Lower Carboniferous Berwath Formations. The pre-Khuff unconformity had 
eroded the upper part of the Carboniferous Unayzah Formation unless it had 
never been deposited. The 40 ft unit thick base of the Permian Khuff Formation 
(siltstone, shale and sandstone) lies unconformably on top of the Silurian 
section. The Khuff Formation is about 1758 ft thick and is mostly made up 
of dolomite, limestone and interbedded anhydrites. The Triassic Sudair, Jilh 
and Minjur Formations are roughly 2500 ft thick. The Sudair is made up of 
argillaceous dolomite; followed by interbedded dolomites and anhydrites 
in the Jilh Formation; and sandstone and siltstone in the Minjur Formation. 
The Jurassic section is approximately 4300 ft thick and is dominated with 
argillaceous limestone in the Marrat Formation at the bottom; limestones in 
the Dhruma, Tuwaiq Mountain, Hanifa and Arab Formations and anhydrites 
in the Hith Formation at the top. Above the Jurassic section are the Cretaceous 
and Tertiary sections which are 6269 ft thick. This section is the thickest in 
this well and contains argillaceous limestone in the Sulaiy, Buwaib, Biyadh 
and Shuʼaiba Formations; sandstone in the Wasia Formation; argillaceous 
limestone in the Aruma Formation and limestone and interbedded anhydrites 
in the Tertiary section. Appendix III contains the formation names, lithologies 
and ages for the BRRI well. 
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The burial history model for the BRRI well is shown in Figure 13-m. The well 
was modeled using a present-day heat flow value of 65 mW/m2. The model
does not apply uplift and erosion during the major tectonic periods as the effect 
is insignificant on present-day maturity and temperature trends. The well had
continuous burial throughout its history with the deepest burial attained in the 
Cretaceous and Tertiary times. The base of the Silurian Qalibah Formation 
source rock presently sits at the end of the late gas stage, roughly at 2.1% VR 
using the Sweeney and Burnham 1990 scale. The temperature and vitrinite 
calibrations are shown in Figure 12-m. The temperature calibration indicates 
a slightly hotter model than the observed data even after the Horner correction 
(top plot). This model is based on the 65 mW/m2 heat flow value. The solid
line curve shows a better correlation with the deeper data in the Permian Khuff 
and Silurian sections than in the shallower Jurassic Dhruma and Triassic Jilh 
sections. On the other hand, the vitrinite calibration shows a slightly lower fit
than the observed vitrinite reflectance data for the same heat flow value (Figure
12-m, bottom plot). The vitrinite data in the Silurian section (solid triangles) 
are based on 50 measurements of mostly solid bitumen, therefore, the average 
vitrinite values (2.36%-2.52%, Appendix I) are reliable data. By increasing the 
heat flow value to 70 mW/m2, the maturity curve might better fit the observed
data, however, the modeled temperature curve could even be higher than what 
it is. It is more plausible to accept the 65 mW/m2 heat flow value as the most
reasonable interpretation for the BRRI well. The QTIF well vitrinite data is 
plotted with the BRRI well for comparison in the shallow section.
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Figure 13-m: 
Burial history plot for the BRRI well showing depth vs. geologic time for all the geologic layers in 
the well. The maturation window is overlaid in color to show the maturity of the Silurian Qusaiba 
source rock. The base of the Silurian Qalibah Formation source rock presently sits at the end of 
the late gas stage, roughly at 2.1% VR using the Sweeney and Burnham 1990 scale. The BRRI 
well was modeled using a present-day heat flow value of 65 mW m-2.
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4.3.14 SAHB Well 
The SAHB well, west of Ghawar, reached a total depth in the Silurian mid- 
Qusaiba sandstone section. The section is about 440 ft thick and is overlain by 
600 ft of a Qusaiba Member shale unit. The Carboniferous-Permian Unayzah 
Formation sits unconformably on the Silurian Qusaiba Member, with the 
Carboniferous Berwath Formation and the Devonian section totally missing 
due to the Hercynian erosion. The Unayzah Formation is 939 ft thick and is 
mostly dominated by sandstone lithology. The Permian Khuff Formation is 
1510 ft thick and is composed mainly of dolomite with occasional limestone 
lithology. The Triassic section is 3029 ft thick and contains shale in the Sudair 
Formation, dolomite in the Jilh Formation and sandstone and shale in the Minjur 
Formation. The Jurassic section is 3425 ft thick and is dominated by argillaceous 
limestone in the Marrat, Dhruma and Tuwaiq Mountain Formations; limestone 
in the Hanifa reservoir; and limestone and anhydrite in the Arab reservoir 
and anhydrite in the Hith Formation. The Cretaceous and Tertiary sections 
are the thickest interval in this well with a total thickness of 5635 ft. They 
are dominated by limestone in the Sulaiy Formation; sandstone and limestone 
in the Shuʼaiba Formation; sandstone and siltstone in the Wasia Formation; 
argillaceous limestone in the Aruma Formation and dolomitic limestone in the 
overlying Tertiary Rus and Dammam Formations. Appendix III contains the 
formation names, lithologies and ages for the SAHB well. 
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The burial history model for the SAHB well is shown in Figure 13-n. The well 
was modeled using a present-day heat flow value of 70 mW/m2. The model
does not apply uplift and erosion during the major tectonic periods as the effect 
is insignificant on present-day maturity and temperature trends. The well had
continuous burial throughout its history with the deepest burial attained in the 
Cretaceous and Tertiary times. The Silurian “hot shale” source rock was not 
penetrated in this well. The upper part of the Silurian Qalibah Formation source 
rock presently sits at the end of the late gas stage, roughly at 2.2% VR using the 
Sweeney and Burnham 1990 scale. The temperature and vitrinite calibrations 
are shown in Figure 12-n. The temperature model is significantly hotter than
the observed, Horner-corrected bottom-hole temperature data. There was no 
temperature data from DST or production tests to validate it. The temperature 
calibration (top plot), therefore, is poorly controlled. The vitrinite calibration 
(bottom plot), however, shows a fair correlation. The Permian samples show 
two populations of the vitrinite data (1.5% and 1.9%, Appendix I). Although 
the Permian data is based on average measurements of 50 readings representing 
mostly vitrinite macerals, the lower population most probably reflects the true
maturity level of this section. This is because the Silurian sample with a 2.2% 
reflectance value is 2000 ft deeper than the Permian samples, therefore, the
1.9% value for the Permian samples is questionable. The deepest Silurian 
sample with a 1.67% value is also questionable since it is much lower than 
the shallower 2.2% value and is based only on 6 measurements (Appendix I). 
The maturity calibration, therefore, is well controlled at the modeled heat flow
value of 70 mW/m2. 
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Figure 13-n: 
Burial history plot for the SAHB well showing depth vs. geologic time for all the geologic layers in 
the well. The maturation window is overlaid in color to show the maturity of the Silurian Qusaiba 
source rock. The Silurian “hot shale” source rock was not penetrated in this well. The upper part 
of the Silurian Qalibah Formation source rock presently sits at the end of the late gas stage, 
roughly at 2.2% VR using the Sweeney and Burnham 1990 scale. The SAHB well was modeled 
using a present-day heat flow value of 70 mW m-2.
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4.3.15 UTMN Well 
The UTMN well, on the Ghawar structure, reached a total depth in the 
Ordovician Hanadir Member of the Qasim Formation. The Ordovician section 
is 1160 ft thick with shale in the Hanadir Member, sandstone in the Kahfah 
Member, shale in the Raʼan Member, sandstone in the Quwarah Member and 
sandstone in the overlying Sarah Formation. The Silurian Qalibah Formation 
is 945 ft thick and contains shale in the Qusaiba Member with sandstone in the 
mid-Qusaiba sand unit and silty shale in the overlying Sharawra Member. The 
Devonian section is only represented by the Tawil Formation sandstone with a 
thickness of 100 ft. The Hercynian pre-Unayzah unconformity has eroded the 
rest of the Devonian section above the Tawil, and the Carboniferous Berwath 
Formation. The Carboniferous-Permian Unayzah Members (Unayzah-A 
and B) were either not deposited or they have been eroded by the pre-Khuff 
unconformity. The Permian Khuff Formation is 1550 ft thick with dolomite, 
limestone and interbedded anhydrite lithologies. The Triassic section is 2283 
ft thick and is made up of shale in the Sudair Formation, dolomite in the Jilh 
Formation and mixed clastics in the Minjur Formation. The Jurassic section 
is 4128 ft thick and is dominated by argillaceous limestone in the Tuwaiq 
Dhruma and Hanifa Formations, anhydritic limestone in the Arab Formation 
and anhydrite in the Hith Formation. The Cretaceous section is roughly 4200 
ft thick and is considered the thickest interval in this well. It is dominated 
by carbonates in the Sulaiy and Shuʼaiba Formations; sandstone and shale 
in the Wasia Formation and argillaceous limestone in the overlying Aruma 
Formation. The Tertiary section is missing in this well. Appendix III contains 
the formation names, lithologies and ages for the UTMN well.
129
The burial history of the UTMN well (Figure 13-o) was modeled using a 
constant, present-day heat flow value of 75 mW/ m2. The model does not apply
uplift and erosion during the major tectonic periods as the effect is insignificant
on present-day maturity and temperature trends. The well had continuous burial 
throughout its history with the deepest burial attained in the Cretaceous and 
Tertiary times. The burial history curve shows that the Silurian Qalibah “hot 
shale” source rock has been in the “oil window” since the late Jurassic and is 
today in the late “gas window,” roughly at 1.5%-1.6% VR using the Sweeney 
and Burnham 1990 scale. The Devonian Hanadir and Raʼan shales are also 
within the “gas window” if they have potential as source rocks. Figure 12-o 
displays the present-day, calculated temperature and maturity profiles (solid
lines) and the observed data is shown in solid triangles. At a heat flow value of
75 mW m-2, there is a fairly good fit between the calculated temperature curve
(top plot) and the Horner-corrected bottom-hole temperature values obtained 
from the logs. An additional temperature data point from a production test 
fits well with the trend line (solid circle). For the maturity profile (bottom
plot) measured vitrinite data is only available for three samples in the Silurian 
interval with a range of values from 1.55% to 1.73% VR (Appendix I). The 
first two samples (1.55% and 1.73%) are based on 25 average measurements
and the third sample only on 7 measurements. The maturity data is, therefore, 
reliable for the first two samples and fits the modeled curve.Additional maturity
control is plotted for the Dhruma section from the QTIF well (bottom plot, 
solid circles). Although the Dhruma Formation is about 1000 ft shallower in 
the UTMN well than the QTIF well, the data plots within the Dhruma interval 
and both wells were modeled using close heat flow values (75 for the UTMN
well versus 70 mW/ m2 for the QTIF well). The vitrinite calibration is quite 
good for the UTMN well. 
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Figure 13-o: 
Burial history plot for the UTMN well showing depth vs. geologic time for all the geologic layers in 
the well. The maturation window is overlaid in color to show the maturity of the Silurian Qusaiba 
source rock. The Silurian Qalibah “hot shale” source rock has been in the "oil window" since the 
late Jurassic and is today in the late "gas window," roughly at 1.5%-1.6% VR using the Sweeney 
and Burnham 1990 scale. The UTMN well was modeled using a present-day heat flow value of
75 mW m-2.
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4.3.16 TAYM Well 
The shallow TAYM well, located outside the study area (Figure 1), was drilled 
to a shallow depth for stratigraphic information. The well only penetrated the 
Silurian Qalibah and Ordovician Sarah Formations. The well has probably 
provided the best available geochemical information on the Qalibah Formation 
“hot shale” source rock as several wells were drilled through the formation 
with complete core information in both the Sarah and Qalibah Formations. The 
burial history model for the TAYM well was not generated due to its shallow 
depth and lack of a complete stratigraphic section. The temperature and vitrinite 
calibrations were not generated. The vitrinite data for the TAYM well is shown 
in Appendix I. 
4.3.17 HLWH Well 
The HLWH well in Central Arabia reached a total depth in basement. The 
basement was about 100 ft thick and is overlain by 1284 ft of Cambrian Saq 
sandstone Formation. The Ordovician Sarah sandstone Formation is roughly 
390 ft thick, above which the Silurian Qusaiba Member shale is 665 ft thick. 
The Hercynian pre-Unayzah and the pre-Khuff unconformities have eroded 
the whole Devonian section, the lower part of the Carboniferous Berwath 
Formation, and part of the Upper Carboniferous-Permian Unayzah Formation, 
respectively. The Upper Carboniferous-Permian Unayzah Formation sandstone, 
therefore, is represented by a total thickness of 106 ft, of which the Unayzah-A 
reservoir is only 24 ft thick. The Permian Khuff Formation is 1246 ft thick and 
is composed of limestone, dolomite and interbedded anhydrites. The Triassic 
section is the thickest in this well with 2577 ft thickness. It is represented by 
shale in the Sudair Formation, dolomite in the Jilh Formation and sandstone 
in the Minjur Formation. The Jurassic section is 2451 ft thick and spans the 
Marrat to Jubaila Formations. It is primarily made up of carbonates, interbedded 
anhydrites, argillaceous limestone and shale. The Jurassic Arab and Tuwaiq 
Formations are outcropping in Central Arabia with both the Cretaceous and 
Tertiary sections removed by erosion. Appendix III contains the formation 
names, lithologies and ages for the HLWH well. 
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The burial history model for the HLWH well is shown in Figure 13-p. The 
well was modeled using a present-day heat flow value of 50 mW/m2. The model
does not apply uplift and erosion during the major tectonic periods as the effect 
is insignificant on present-day maturity and temperature trends. The well had
continuous burial throughout its history with the deepest burial attained in the 
Jurassic time. The base of the Silurian Qusaiba Member is presently immature, 
at 0.6% VR using the Sweeney and Burnham 1990 scale. The source rock 
at this location had, therefore, not generated any liquid hydrocarbons yet. 
Like in the HWTH well, the Unayzah reservoir gas in the HLWH well had 
to be charged through lateral (long-distance) migration from the basin to the 
east as indicated on the present-day base Qusaiba maturity map in Figure 
16-a. The temperature and vitrinite calibrations are shown in Figure 12-p. The 
Horner-corrected temperature data in solid triangles shows a very good fit to
the modeled solid line curve (top plot, Figure 12-p), especially for the data in 
the Khuff and deeper sections. There is a scatter in the first two shallow data
points, however, the first one is for the Tuwaiq Mountain Formation which is
outcropping in the well area and should be closer to the present-day surface 
temperature of 25 °C. The overall temperature model is reasonably good. The 
vitrinite calibration shows a cooler model than the observed data (bottom plot, 
Figure 12-p) at the given 50 mW/m2 heat flow value. Examining the vitrinite
data in Appendix I shows that the average measured vitrinite reflectance data for
the HLWH well is based on fewer measurements (1-12 readings), therefore, the 
quality as well as the quantity of the data is not very good. The nearby HWTH 
well in Central Arabia shows a good vitrinite data with a 0.67% VR value 
representing an average reading of 50 measurements for the Silurian Qusaiba. 
In the HLWH well, a similar Silurian sample approximately 200 ft shallower 
than the HWTH well sample has a reading of 0.61% VR. The maturity level for 
the Silurian in the HLWH well is, therefore, not too far from the 0.61% value 
and the calibration model is reasonably good. 
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Figure 13-p: 
Burial history plot for the HLWH well showing depth vs. geologic time for all the geologic layers in 
the well. The Silurian Qusaiba source rock is presently immature. The HLWH well was modeled 
using a present-day heat flow value of 50 mW m-2.
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4.4 Sensitivity Analysis 
To test the accuracy of the calibrated thermal and maturity models, a sensitivity 
analysis has to be performed. Sensitivity analysis deals with identifying the 
uncertainties on the parameters considered when constructing the thermal and 
burial history models. This is a quality control process to validate the 1-D 
models in this study. As there are many different ways to arrive at the present-
day burial of a specific well, varying the parameters used in constructing
the 1-D models will identify which of these parameters is more sensitive to 
the present-day scenario. Paleo-scenarios are more difficult to assess since
the parameters involved are almost impossible to quantify in past times. For 
example, assumptions made on present-day heat flow, surface temperature and
tectonic settings (rifting, uplift, erosion) are different from those at past times of 
the basin evolution. At the same time, present-day assumptions can be verified
by comparison with the present-day calibration data. On the other hand, paleo-
assumptions should be geologically sound and consistent. 
Having constructed the burial history, temperature and maturity trends for all 
the wells, it is important to examine the uncertainty by varying each important 
geologic factor that may contribute to the present-day temperature and maturity 
trends. The factors tested in this study are present-day and paleo-heat flow,
burial history and uplift and erosion. A sensitivity test was performed using 
the SDGM and NYYM wells. The SDGM well in the east of the study area 
represents where the Hercynian erosion was at its maximum on the crest of the 
Ghawar structure (Wender et al., 1998). The NYYM well in Central Arabia 
west of the study area, where the Jurassic section outcrops and the Cretaceous 
section is eroded, represents effects of Cretaceous erosion on boundary 
conditions, thermal maturity and temperature histories. The erosion effect on 
the SDGM well is displayed in Figure 14 while the boundary conditions effect 
on the NYYM well is shown in Figure 15. 
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A set of five different scenarios with different amounts of erosion was tested
for both the Hercynian and Cretaceous/Tertiary times. Assumptions used in 
this sensitivity analysis were a constant heat flow (60 mW/m2) and a constant
surface temperature (20°C). It is important to note that the heat flow and
surface temperature values used in the sensitivity study were slightly different 
from the values used in calibrating the SDGM and NYYM wells for burial 
history analysis. In all five scenarios the present-day results are the same with
differences encountered only in paleo-history times of the well. 
4.4.1 SDGM Well 
The SDGM well is analyzed in five scenarios. The first (1) case assumes
neither Hercynian nor Cretaceous/Tertiary erosion and results in the 
lowest maturity values through time (Figure 14). The next scenario (2) has 
an exaggerated Cretaceous/Tertiary erosion of 1250 ft (250 ft on top of the 
Dammam Formation and 500 ft for each top Aruma and top Wasia Formations). 
This case shows a maximum increase of maturity of 0.1% of vitrinite reflectance
equivalent (VrE) at around 90 million years (MY). Compared to case 1, case 
2 reaches a maturity level of 1.0 VrE approximately 15 MY earlier. The next 
three scenarios (3, 4 and 5) investigate the Hercynian erosion and take the best 
estimates for the Cretaceous/Tertiary erosion (133 ft on top of the Dammam 
Formation, 354 ft on top of the Aruma and 242 ft on top of the Wasia Formation). 
All three cases show a similar behavior during the Cretaceous/Tertiary time 
with maturity levels in between scenarios 1 and 2. Scenario (3) does not take 
into account any Hercynian erosion and consequently has the lowest maturity 
levels during the Paleozoic and Cenozoic times. In the extreme erosion case 
(4) maturity level increases by about 0.1% VrE by adding 3000 ft of upper 
Devonian and lower Carboniferous sequences. The final case (5) with only
1000 ft of erosion is quite similar to no erosion at all (case 1, Figure 14).
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Figure 14: 
SDGM well sensitivity analysis shows that the uncertainty of the Hercynian erosion has a lasting 
impact on the Silurian Qusaiba “hot shale” at the immature level. When entering the “oil window,” 
all three scenarios behave the same. 
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4.4.2 NYYM Well 
The NYYM well illustrates the effect of changing boundary conditions on 
the Qusaiba “hot shale” maturity (Figure 15). Three scenarios were tested with 
all other conditions remaining constant. There was no Hercynian erosion taken 
into account whereas the Cretaceous/Tertiary erosion was estimated to be 4500 
feet (1640 ft of missing Wasia, 1181 ft of missing Aruma, 230 ft of missing Rus 
and UER and 328 ft of missing Dammam). 
The first scenario (1) investigates a constant surface temperature (20°C) and
a constant heat flow (50 mW/m2). The second scenario (2) applies a constant
surface temperature and a variable heat flow history attempting to take into
account the late pre-Cambrian rifting followed by a thermal relaxation, the 
Hercynian inversion and the Permian rifting event followed by a thermal 
relaxation. The third scenario (3) introduces a variable heat flow and a variable
surface temperature derived from the change of latitude of the Arabian Platform 
through time, temperature change through time, water depth and glaciation 
event. The present-day temperature is the same for all three scenarios but 
maturity varies in a range of 0.1% VrE. When varying heat flow and surface
temperature, a slightly higher maturity is achieved at the present-day (scenario 
3) than when the two variables are constant (scenario 1). Scenario 3 enters the 
“oil window” 40 MY earlier than when using constant heat flow and constant
surface temperature (Figure 15).  
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To summarize, the SDGM well sensitivity study shows that the uncertainty of 
the Hercynian erosion has a lasting impact on the Silurian Qusaiba “hot shale” 
at the immature level. When entering the “oil window,” all analyzed scenarios 
behave the same. The differences of the boundary conditions on the NYYM 
well demonstrate sensitivity of the variable heat flow and variable surface
temperature in the “oil window” stage being reached about 40 MY earlier than 
when the two variables are held constant. Sensitivity on fluid properties was
not analyzed. The fluids are controlled by the degree of hydrocarbon cracking
in the “kitchen” and water washing in the reservoir. Additionally, the difference 
in timing of oil and gas generation may have influenced present-day fluid
properties, because earlier generated, less mature petroleum stands a greater 
chance to be lost from the system. In this case, more mature petroleum with 
higher API gravity will be more preserved than what was generated during an 
earlier stage of maturation.
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Figure 15: 
NYYM well sensitivity analysis demonstrates sensitivity of the variable heat flow and variable
surface temperature in the "oil window" stage being reached about 40 MY earlier than when the 
two same variables are held constant.
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4.5 3-D Basin Modeling
Discussions of the Silurian Qusaiba source rock maturation for oil and gas, 
expulsion and migration will be given in three parts. The first part will be
on maturation maps for the Silurian Qusaiba source rock at present and at 
peak oil generation time, showing areas for oil and gas generation. The second 
part will discuss regional source rock maturity and migration trends using a 
north-south and an east-west cross sections passing through some of the key 
wells in the study area. Thirdly, migration will be discussed with respect to 
the faults as conduits for hydrocarbon migration and the Hercynian subcrop 
map displaying the section between the Permian and Carboniferous reservoirs 
above the Hercynian and the Silurian source rock below the Hercynian. This 
map shows the age of the sediments subcropping below the Hercynian pre-
Unayzah unconformity and their impact on facilitating/masking hydrocarbon 
expulsion and migration from the Silurian source rock below. The Hercynian 
subcrop map can be considered as a carrier bed between the Silurian source 
rock below and the Carboniferous-Permian Unayzah and Khuff reservoirs 
above the Hercynian unconformity.
4.5.1 Source Rock Maturation
Figure 16-a is a present-day vitrinite reflectance map for the base Qusaiba
“hot shale”. The map results from a convolution of a 3-D simulation with 
measured data. The color coding represents the following maturity zones, 
heavy oil (dark green), light oil (light green), wet gas (orange), dry gas (red) 
and over-mature (grey). The scale is not the same as the Sweeney and Burnham 
1990 scale, which is used in the burial history models shown in Figures 13-a 
to 13-p. Missing Qusaiba “hot shale” due to erosion is marked as blank areas. 
The map shows that most of the “hot shale” in the study area is now in the gas 
maturity zone with even over-mature stages in the deeper parts of the basin. The 
Silurian base Qusaiba maturation at Jurassic time (approximately 140 million 
years ago) is shown in Figure 16-b, which can be compared to the present-day 
maturation. At Jurassic times, most of the Qusaiba “hot shale” was in the “oil 
140
window,” whereas it remained immature in the western part of the area leaving 
the complete oil generation potential for later times. Most of the source rock 
is presently gas-mature except in Central Arabia (to the west, where it is oil-
mature). The highly mature oil and gas cap found in Central Arabian fields
(Hawtah, Nuayyim, Raghib, Hilwah, etc.) can be explained by migration from 
the deeper, over-mature basin to the east (Abu- Ali et al., 1991, 1999, 2001 and 
2005). Other factors that contribute to different phases of hydrocarbons beside 
source rock maturity are migration timing, water washing,  dismigration and 
cracking, all of which cannot be conclusively addressed given the available 
data in this study. 
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Figure 16-a:
Silurian Qusaiba source rock maturity map at present (a) and Jurassic time (b), 
140 Ma (million years ago). The color scale is in vitrinite reflectance %, green
represents oil-mature areas, red dry gas-mature areas and grey over-mature 
areas. Scale is not the same as the Sweeney and Burnham 1990 scale. Blank 
areas indicate Qusaiba erosion.
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Figure 16-b:
Silurian Qusaiba source rock maturity map at present (a) and Jurassic time (b), 
140 Ma (million years ago). The color scale is in vitrinite reflectance %, green
represents oil-mature areas, red dry gas-mature areas and grey over-mature 
areas. Scale is not the same as the Sweeney and Burnham 1990 scale. Blank 
areas indicate Qusaiba erosion.
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4.5.2 Hydrocarbon Generation
In order to address timing of source rock maturation, hydrocarbon migration 
and type, two cross sections were generated (Figure 2). The first is a north-
south cross section (A-Aʼ ) passing through the wells ABQQ (north), SDGM, 
UTMN, HWYH, HRDH and TINT (south). The second is an east-west cross 
section (B-Bʼ) passing through the wells HWTH (east), NYYM, MZLJ, SAHB, 
HRDH, TINT and JAWB (west). The two sections were generated at three 
different times: present-day (0 Ma), Cretaceous (100 Ma) and Jurassic (142.5 
Ma). The north-south cross sections are shown in Figures 17-a to 17-c and 
the east-west cross sections in Figures 18-a to 18-c. On the cross sections, 
the maturity window is displayed as oil, gas and over-mature according to the 
Sweeney and Burnham 1990 scale. The migration arrows are shown in red for 
gas and in green for oil. 
The north-south cross section (A-Aʼ) shows that at the Jurassic time 
(142.5 Ma, Figure 17-a) the Silurian source rock was not mature over the 
ABQQ, Ghawar and TINT areas. The deepest burial for the Qusaiba source 
rock was in the ABQQ area, where oil expulsion first took place in the
whole area both upward and downward. During the Cretaceous time (100 
Ma, Figure 17-b), the Silurian Qusaiba source rock was gas-mature over 
the ABQQ, Ghawar and TINT areas and oil-mature toward the southern 
flanks of the area. Gas is present in the Paleozoic reservoirs in the ABQQ,
Ghawar and TINT areas, suggesting direct migration from the source rock 
in the same areas. At present (Figure 17-c), the source rock is over-mature 
in the ABQQ area and gas-mature over the rest of the areas.
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Figure 17-a:
A north-south cross section (A-A’) showing maturation of the Silurian source rock through 
time: Jurassic time, 142.5 Ma (a); Cretaceous time, 100 Ma (b) and present-day, 0 Ma (c). The 
maturation is according to the Sweeney and Burnham 1990 scale. Migration arrows are shown 
in red for gas and in green for oil.
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Figure 17-b:
A north-south cross section (A-A’) showing maturation of the Silurian source rock through 
time: Jurassic time, 142.5 Ma (a); Cretaceous time, 100 Ma (b) and present-day, 0 Ma (c). The 
maturation is according to the Sweeney and Burnham 1990 scale. Migration arrows are shown 
in red for gas and in green for oil.
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Figure 17-c:
A north-south cross section (A-A’) showing maturation of the Silurian source rock through 
time: Jurassic time, 142.5 Ma (a); Cretaceous time, 100 Ma (b) and present-day, 0 Ma (c). The 
maturation is according to the Sweeney and Burnham 1990 scale. Migration arrows are shown 
in red for gas and in green for oil.
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The east-west cross section (B-Bʼ) at the Jurassic time (142.5 Ma, Figure 
18-a) shows that the Silurian Qusaiba source rock in the whole area is 
immature with the deepest burial in the MZLJ-SAHB area. In the Cretaceous 
time (100 Ma, Figure 18-b), the source rock is gas-mature in the MZLJ-
SAHB-HRDH-TINT areas; and oil-mature in the HWTH-NYYM area to 
the west and JAWB area to the east. Oil is present in the Unayzah reservoir 
in the JAWB, HWTH and NYYM fields, whereas gas-rich oil and gas are
both present in TINT confirming the source rock maturity in these areas. In
HRDH, gas is present in the Unayzah reservoir reflecting the source rock
gas maturity. In SAHB and MZLJ, however, both oil and gas are present 
suggesting that since the Cretaceous time gas migration has been actively 
taking place. At present (Figure 18-c) the east-west cross section indicates 
that the source rock is gas-mature in the JAWB-TINT-MZLJ area, over-
mature in the HRDH-SAHB area and oil-mature in the HWTH-NYYM 
area. The absence of a complete gas column in the JAWB-SAHB-MZLJ 
area could possibly be attributed either to the efficiency of the seal which
did not allow for more gas to replace the remaining oil and/or the limitation 
of the migration pathways. In addition, section 4.5.3 will address in detail 
migration issues and other assumptions related to the presence of oil/gas in 
selected reservoirs.
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Figure 18-a:
An east-west section (B-B’) showing maturation of the Silurian source rock through time: Jurassic 
time, 142.5 Ma (a); Cretaceous time, 100 Ma (b) and present-day, 0 Ma (c). The maturation is 
according to the Sweeney and Burnham 1990 scale. Migration arrows are shown in red for gas 
and in green for oil.
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Figure 18-b:
An east-west section (B-B’) showing maturation of the Silurian source rock through time: Jurassic 
time, 142.5 Ma (a); Cretaceous time, 100 Ma (b) and present-day, 0 Ma (c). The maturation is 
according to the Sweeney and Burnham 1990 scale. Migration arrows are shown in red for gas 
and in green for oil.
150
����
����
����
����
����
����
�����
����
����
�
�
��
��
���
��
��
�
����������������������������
������
�������
�����
�����
�������
������
����
��������������
�������
� �� � � ���
������
�������������
������
�������������
���� ��������
� ��� ��� ��� ��� ���
���� ���� ����
� � � � �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��
������������������
���� �����
������
����������
������������������������������ ����� ���
���
���
����������
����
� �
Figure 18-c:
An east-west section (B-B’) showing maturation of the Silurian source rock through time: Jurassic 
time, 142.5 Ma (a); Cretaceous time, 100 Ma (b) and present-day, 0 Ma (c). The maturation is 
according to the Sweeney and Burnham 1990 scale. Migration arrows are shown in red for gas 
and in green for oil.
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4.5.3 Hydrocarbon Migration
Hydrocarbons can either migrate vertically through faults and fractures and/ 
or laterally through the carrier bed. In cases like the Sarah reservoir, which is 
immediately below the Silurian source rock, hydrocarbons will be expelled 
directly from the source rock down to the reservoir (down-ward migration). 
This makes the Sarah reservoir very attractive for exploration as the migration 
pathway risk is minimized compared to other reservoirs. For the Khuff, 
Unayzah and Jauf reservoirs, the presence of faults that connect the source 
rock to the reservoir becomes the critical issue for migration. For example, the 
Ghawar structure is bounded by major faults to the east and west making the 
hydrocarbon journey from the source to trap less tortuous, thus, all the Ghawar 
Paleozoic reservoirs (Khuff, Unayzah, Jauf, Sarah) are hydrocarbon bearing 
when present. On the other hand, presence of faults in Central Arabiaʼs Hawtah 
trend fields (Hawtah, Hilwah, Nuayyim Raghib, Dilam, etc.) are not essential
since migration is predominantly lateral due to the fact that the Qusaiba source 
rock is marginally oil-mature to immature in the area. Hydrocarbon migration 
in Central Arabia will, therefore,  be lateral (long-distance) from the basin 
south of Ghawar (Figure 16-a and 16-b).
In addition to the presence of faults as conduits for hydrocarbon migration, 
the thickness and lithofacies distribution of the interval from the source rock to 
the reservoir is another  important factor in the migration process. In the absence 
of faults, the thicker the section the longer it takes to migrate hydrocarbons 
through the pore network. For further explanation, a Hercynian subcrop map 
is illustrated in Figure 19. If what is subcropping below the Hercynian is the 
Silurian Qalibah Formation, then the migration pathway to the overlying Jauf, 
Unayzah and Khuff reservoirs is less complex and less time is required to 
migrate hydrocarbons from the source to the reservoir. In this case the reservoir 
rock is the carrier rock at the same time. On the other hand, if the section below 
the Hercynian unconformity is thicker the migration pathway is more complex 
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and requires the layers between the source and reservoir to be more porous and 
permeable for oil and gas migration. Another important factor is the presence 
of open faults. Age-dating of the faults will be a major step in future migration 
studies. Faults penetrating higher up in the section are conduits for oil and gas 
migration into the overlying Jauf, Unayzah and Khuff reservoirs as opposed to 
faults just terminating at the Unayzah reservoir level. In Figure 19, the Silurian 
Qusaiba source rock is subcropping over most of the Ghawar structure. The 
Ghawar structure has, therefore, better access to hydrocarbon charge. Central 
Arabiaʼs fields have a Devonian section subcropping (Tawil, Jubah and Jauf)
which can act as carrier beds to hydrocarbon migration from the east. The 
Khurais and Abu-Jifan structures to the west of Ghawar will have a higher risk 
for hydrocarbon migration. In that area, below the Hercynian unconformity 
Cambrian/Ordovician rocks are subcropping and lateral migration from the 
Qusaiba to the east and north is implied since the Qusaiba source to the west is 
marginally mature.
The same applies to the Summan Platform and Dibdibah Trough areas 
northwest of Ghawar, where the Cambrian/Ordovician section is subcropping 
below the Hercynian unconformity. To the north of Ghawar in the onshore 
and offshore areas the Silurian section is subcropping in the Safaniyah and 
Manifa structures. Thus, hydrocarbon migration risk is lower than in the areas 
where the Devonian and pre-Silurian sections are subcropping like in the 
Berri, Qatif, Khursaniyah and Abu Hadriyah structures. In the areas where 
the Devonian section is subcropping, migration risk has to be taken into 
consideration. The Devonian Jauf reservoir could be on the “migration shadow 
zone” of the Unayzah and/or Khuff reservoirs. That is, where the Devonian 
seal is present, hydrocarbons will be captured by the Devonian Jauf reservoir 
first before any hydrocarbons can make it through to the overlying Unayzah
and Khuff reservoirs. South of Ghawar and toward the Rub  ʼAl-Khali Basin 
the Devonian section is most probably subcropping, making the Devonian 
Jauf and Ordovician reservoirs less risky for hydrocarbon exploration than the 
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Carboniferous-Permian Unayzah and Permian Khuff reservoirs. The reservoir 
quality in the Devonian and Ordovician reservoirs, however, will become the 
main issue. Similarly, the Unayzah reservoirs will be on the “migration shadow 
zone” of the overlying Khuff reservoirs. Hydrocarbons will charge the Unayzah 
reservoirs before the Khuff reservoirs. Charging both the Unayzah and Khuff 
reservoirs will depend on whether faults cut the Khuff reservoirs and if these 
faults are sealing or leaking.
To summarize, the Hercynian subcrop map can be used as an effective tool 
to assess primary migration (expulsion) from the source rock and secondary 
migration within the carrier and reservoir rocks. If the subcrop below the 
Hercynian unconformity is Silurian the risk of primary and secondary migration 
is much lower than if the subcrop is Devonian or older. Hydrocarbons in the 
Silurian subcrop case will expel directly out of the Silurian source into the 
overlying Carboniferous-Permian Unayzah and Khuff reservoirs. On the other 
hand, if the subcrop is Devonian, hydrocarbons will be captured first by the
Devonian reservoirs, if present, before charging the overlying Carboniferous-
Permian Unayzah reservoirs. The Devonian section in this case becomes both 
the carrier and reservoir rocks at the same time. The seal of the Devonian 
section will determine whether hydrocarbons will efficiently migrate upward
toward the Unayzah reservoirs. If the subcrop is Ordovician or older then the 
Silurian source rock is absent and another source rock has to be invoked. In 
this latter case the risk for hydrocarbon exploration becomes much higher than 
the first two cases.
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Figure 19: 
Hercynian subcrop map showing formations that subcrop under the Hercynian pre-
Unayzah unconformity.
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4.6 Hydrocarbon Accumulation Modeling 
The objective of hydrocarbon accumulation modeling was not to 
quantitatively account for all the hydrocarbon volumes/columns/phases and 
PVT characteristics found in the reservoir, but rather to qualitatively test the 
model outcome and gain an understanding of what factors seem to control 
the accumulations. The simulated accumulations are, therefore, highly model 
driven and strongly dependent on parameter setups and facies maps, particularly 
for the Unayzah reservoirs. After constructing the geologic structure maps, 
formation lithologies, facies distributions and source rock properties, the 3-D 
data set was ready for simulation. Simulation runs were specifically made for
gas as the study area at the time was focused on gas exploration. In addition, 
the source rock maturity map shows that most of the study area is within the 
“gas window” at present (Figure 16-a). Oil accumulations were more critical 
at Jurassic and Cretaceous times, but were not modeled.
To perform a full 3-D simulation many input data are required. The backbones 
of the model are the depth maps which are used to create finite element layers.
The rock properties of these layers are described by facies maps and relating 
facies to typical physical properties. Facies maps are derived from Ziegler, 
2001 for the Mesozoic and Cenozoic and Konert et al., 2001 for the Paleozoic. 
Each map has been revised according to current knowledge and each facies has 
been related to a lithology or set of lithologies with specific rock properties.
Each lithology is described with the following rock properties: porosity versus 
effective stress, matrix thermal conductivity and heat capacity, permeability 
versus porosity, capillary entry pressure versus permeability and porosity, 
and radiogenic heat production. Several geologic horizon maps were used in 
building the 3-D basin model. Some of the horizons are based on well and 
seismic data. These horizons include the Cretaceous Aruma Formation, the 
Jurassic Hith Formation and Arab-D reservoir, the Triassic Jilh dolomite, the 
Permian top and base Khuff Formations, the Silurian base Qalibah Formation 
and basement. In between all other maps were generated conformably using 
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the horizon just above and below, and tying all penetrated wells. A total of 
25 to 30 horizon maps including the topographic surface were used in the 3-
D volume dataset. The model dimensions are 102 x 129 with 5 km spacing. 
The maps were generated using Zmap application software and used as input 
into the Petromod 3-D petroleum systems modeling software for simulation of 
petroleum generation and migration. 
The “oil and gas windows” concept is based on primary generation 
consideration. In its simplicity it may be misleading, as other important factors 
such as oil/gas expulsion are ignored. The Silurian Qusaiba source rocks under 
investigation originally contained oil prone type II or type II/III kerogen. 
Qusaiba sourced oils have been found in Tinat and Niban Fields, southeast of 
Ghawar (Figure 2). Huge amounts of Qusaiba derived gas, however, are found 
in the satellite fields to the south and southwest of Ghawar field, where the
source rock is gas mature and where previously generated oil has been either 
lost or cracked to gas. Strong secondary cracking in some areas of the basin 
may have been related to fluid retention often coupled with the development of
strong overpressures. This may have occurred during mainly Cretaceous times 
when rapid sedimentation and gas generation coincided. Thus, the amount 
of oil expelled may have been reduced allowing for secondary cracking into 
gas in situ within the source rock (Schenk and Horsfield, 1993).  At present,
however, the pressure system is quite open in the direction of the Arabian Shield 
and shows a regular pressure increase towards the east. Before the Tertiary 
tilting, higher overpressure could be expected. Investigating overpressure for 
expulsion modeling is quite time consuming particularly as it also involves 
the consideration of fault permeability which is difficult to predict and partly
controlled by diagenesis. Taking structural evolution, fault permeability and 
overpressure development into account are regarded as an important, future 
step in petroleum system analysis in this basin.
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The relative amount of expelled gas and oil depends also on migration 
fractionation and PVT aspects and can be, with limitation, calibrated with 
known field data. Several expulsion models consider fractionation during
primary migration as relevant such as the diffusion model by Stainforth and 
Reinders, 1990 or the sorption model by Pepper and Corvi, 1995. This was not 
yet considered in this modeling approach but is considered as an important, 
future step to refine the knowledge of the Paleozoic petroleum system of Saudi
Arabia. In this study, the Darcy flow expulsion method was used for primary
migration and the “Hybrid” method for secondary migration. The “Hybrid” 
method uses Darcy flow for vertical migration from the source rock and flow
path for lateral (long-distance) migration within the carrier/reservoir bed. Faults 
were not considered in modeling hydrocarbon migration. 
Another aspect strongly influencing the gas/oil ratio and/or the condensate/
oil ratio (GOR/CGR) is related to the thermochemical sulfate reduction (TSR) 
present in the Khuff reservoir (Worden et al., 1995, 2000). TSR produces H
2
S 
and destroys hydrocarbons but with a fractionation which relatively enriches 
light hydrocarbon gas, particularly methane. This will result in a decrease of the 
gas wetness. Almost all Khuff gas accumulations in the Ghawar field are mainly
dominated by methane dry gas (more than 70%) with lower contributions of 
the C2 and C3 components. TSR also increases the proportion of N
2
 as this gas 
remains inert to the reaction. TSR has not been modeled in this study, but will 
be included in the near future as more data becomes available.
Source rock properties for the base Qusaiba source rock were modified from
Abu-Ali et al., 1999. The data has, however, been modified to take into account
secondary cracking within the source rock using literature and research data. 
The resulting multi-component generation and expulsion model will strongly 
influence the timing, amount, and GOR/CGR of the hydrocarbons which will
migrate through the 3D earth model. Typing of the kerogen is based on Rock-
Eval data. Type II/III Qusaiba shale with an average remaining HI of 126 
has lower TOC values but is thicker than type II “hot shale” with an average 
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remaining HI of 339 (Cole et al., 1994). Vitrinite reflectance profiles measured
from 132 samples representing 17 regional wells were constructed for each 
well and were used as input in the 3-D model. Rock properties for the different 
lithologies are shown in Appendix IV. 
3-D basin modeling for a regional area such as the size of this study will 
largely depend on the quality of the structure maps, facies distributions and 
properties, lateral migration effects and regional source rock properties. 
Predicting hydrocarbon accumulations is easier using smaller areas or prospects 
since variations in these parameters are smaller than in large areas. With large 
models, this task becomes more challenging as more uncertain variables get 
introduced into the modeling process. To illustrate this point, 3-D views of the 
study area are shown in Figures 20 and 21. Figure 20 displays a north-south 
view of the study area showing complexity of the structures and variation of 
the lithologies of all the layers in the 3-D dataset. Figure 21 displays an east-
west view of the study area. Different colors in both figures indicate different
lithologies of the layers. Shallow marine and continental clastic facies are 
shown in orange, green, yellow and light purple. Blue depicts carbonate facies, 
while brown reflects shale facies. Evaporites and anhydrites are shown as dark,
thin layers of purple.
159
North
Figure 20: 
A north-south 3-D view of the study area showing complexity of the structures and facies. 
Different colors depict different lithologies of the layers. Shallow marine and continental clastic 
facies are shown in orange, green, yellow and light purple. Blue depicts carbonate facies, while 
brown reflects shale facies. Evaporites and anhydrites are shown as dark, thin layers of purple.
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Figure 21: 
An east-west 3-D view of the study area showing complexity of the structures and facies. Different 
colors depict different lithologies of the layers. Shallow marine and continental clastic facies are 
shown in orange, green, yellow and light purple. Blue depicts carbonate facies, while brown 
reflects shale facies. Evaporites and anhydrites are shown as dark, thin layers of purple.
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Figures 22-a to 22-d  show a series of 3-D simulated hydrocarbon accumulation 
maps for four reservoirs (Permian Khuff carbonates, Carboniferous-Permian 
Unayzah, Devonian Jauf and Ordovician Sarah). The objective of this study 
was not to quantitatively account for all the hydrocarbon volumes found in 
these reservoirs, but rather to qualitatively test the model accuracy. These 
accumulations are highly model-driven and strongly dependent on the facies 
maps and the model parameters assumed for the petroleum systems. Figure 
22-a shows the Khuff reservoir accumulations. The Ghawar Permian Khuff 
accumulations were qualitatively predicted. The absence of Khuff hydrocarbons 
outside Ghawar does not necessarily mean that there are no accumulations 
to be found there. Figure 22-b shows the simulated Carboniferous-Permian 
Unayzah accumulations. There are more Unayzah accumulations to be found 
in both the A and B reservoirs than what has been found so far. What the model 
can not predict are the volatile oil accumulations in the Hawtah trend fields
of Central Arabia. This could be largely dependent on the paleo-structure and 
lithology maps, which were not accurately accounted for in this current study. 
For the Ghawar gas accumulations, the 3-D kinetic model used in this study 
was primarily based on the primary kinetics data by Abu-Ali et al., 1999, 2001. 
The data has, however, been modified to take into account secondary cracking
within the source rock using literature and research data. This model accounts 
for the gas and condensate accumulations in Ghawar area as the source rock 
maturity is already beyond the gas stage on the eastern flank of the drainage
area. What is not certain is whether the gas in the Ghawar khuff reservoirs and 
the fields to the north was a result of secondary TSR cracking, source rock
over-maturity or both. From the vitrinite reflectance work, the presence of fluid
inclusions and/or solid bitumen in the northern part of Ghawar (SDGM well) 
as a sign of oil charge before TSR cracking into gas could possibly explain 
this situation. The model remains speculative at this stage and needs more 
fluid inclusions data and new closed system kinetics for source rock analysis.
Also, a more detailed handling of fluid compositional aspects as related to PVT
conditions is required, but beyond the scope of this paper. In the Hawtah trend 
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area, however, the source rock was not mature locally and the hydrocarbons were 
charged mainly laterally from the east. The filling history of Central Arabiaʼs
fields is quite complex due to the variability of the lateral and vertical migration
pathways, hydrocarbon phase separation, water washing and hydrodynamics. 
Central Arabiaʼs hydrocarbon accumulations are, therefore, more difficult to
predict than the vertically-migrated Ghawar accumulations.
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Figure 22-a: 
Modeled gas accumulations in the Permian Khuff reservoir.
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Figure 22-b: 
Modeled gas accumulations  in the Carboniferous-Permian Unayzah 
reservoir.
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Figures 22-c and 22-d illustrate future potential for the Devonian Jauf and 
Ordovician Sarah reservoirs. These two are less facies-controlled than the Khuff 
and Unayzah reservoirs, therefore, the model remains uncertain until more rock 
properties data are available. From the model, it is quite evident that there are 
many Sarah accumulations in addition to those in the Jauf reservoir. The fact 
that the Sarah reservoir is directly underlying the Silurian Qusaiba source rock 
makes the Sarah reservoir more accessible to the gas/oil expelled from the 
source rock (downward migration). This will eliminate the need for secondary 
migration through a carrier bed. Other assumptions have to hold like presence 
of a seal for the Sarah reservoir, which would be the “hot Qusaiba shales” at 
the base of the Silurian source rock and presence of good quality reservoir 
rocks. On the other hand, limited gas accumulations for the Jauf reservoir can 
be attributed to the absence of good reservoir and seal litho-facies maps, as 
well as having less structural closure at the Jauf level than deeper at the Sarah 
level. 
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Figure 22-c: 
Modeled gas accumulations in the Devonian Jauf reservoir.
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Figure 22-d: 
Modeled gas accumulations in the Ordovician Sara reservoir.
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5. GENERAL DISCUSSION 
A basin modeling approach to describe petroleum systems provides a logical 
process by which parameters of a petroleum system can each be assessed and 
tested for different geologic scenarios of basin evolution. Although 1-D basin 
modeling calibrated by present-day temperature data derived from electric 
logs, production and DST, and by vitrinite reflectance can be used as input,
petroleum generation and migration modeling through geologic time remains 
quite challenging. Here, it has been attempted to fulfill this task by varying
different geologic parameters such as burial history, heat flow and amount of
uplift and erosion. To test the effect of erosion and boundary conditions on the 
Silurian source rock maturity, both SDGM and NYYM wells were used in the 
sensitivity study. The SDGM well in the east of the study area represents where 
the Hercynian erosion was at its maximum on the crest of the Ghawar structure. 
The NYYM well in Central Arabia west of the study area, where the Jurassic 
section outcrops and the Cretaceous section is eroded, represents effects of 
Cretaceous erosion on boundary conditions, thermal maturity and temperature 
histories. The SDGM well sensitivity study shows that the uncertainty of the 
Hercynian erosion has a lasting impact on the Silurian Qusaiba “hot shale” at 
the immature level. When entering the “oil window,” all analyzed scenarios 
behave the same. The differences of the boundary conditions on the NYYM 
well demonstrate sensitivity of the variable heat flow and variable surface
temperature in the “oil window,” stage being reached about 40 MY earlier than 
when the two same variables are held constant. Results indicate that applying 
significant uplift and erosion in both Hercynian and Cretaceous times does not
drastically affect hydrocarbon generation and migration history; in particular, 
the present-day distribution of maturity and hydrocarbon accumulations is 
hardly affected. Varying heat flow, however, produces more pronounced
effects on the present-day scenario and the measured data do not correlate 
well with the simulated results, if assumptions are made which differ greatly 
from the proposed, calibrated temperature history model. The assumptions 
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and parameters on temperature history used in this study are, therefore, most 
probably quite well constrained. A greater uncertainty exists with respect to 
source rock quality and kinetics of hydrocarbon generation and expulsion from 
the source rock. This uncertainty is due to the fact that too little immature/ 
mature equivalents of the now highly mature/over-mature known Silurian 
source rock could be studied and that the possible contribution of other possible 
source rocks is not sufficiently known. Further geochemical studies might help
to solve this problem.
Moving from the 1-D world to the 3-D reality, the problem becomes more 
pronounced. Building a 3-D dataset takes into account all possible variables 
of the petroleum system: accuracy of the maps, exact boundary conditions, 
efficiency of the carrier beds, seals, behavior of the faults, homogeneity of the
reservoir and source rock, adequacy of the structure and many other parameters. 
The real measure of how well the 3-D model is close to reality is the ability 
of the model to explain the present-day hydrocarbon accumulations. Although 
this study did not quantitatively arrive at that level, it qualitatively described the 
hydrocarbon migration journey with good confidence at least for the petroleum
systems considered thus far. Additionally, the size of this regional study did not 
allow for predicting exact accumulations. Hydrocarbon accumulations can be 
simulated more accurately using smaller areas or better predicted for prospect-
size accumulations since the geologic uncertainties are smaller. 
The north-south cross section (A-Aʼ ) shows that at the Jurassic time (142.5 
Ma, Figure 17-a) the Silurian source rock was not mature over the ABQQ, 
Ghawar and TINT areas. The deepest burial for the Qusaiba source rock was 
in the ABQQ area, where oil expulsion first took place in the whole area, both
upward and downward. During the Cretaceous time (100 Ma, Figure 17-b), 
the Silurian Qusaiba source rock was gas-mature over the ABQQ, Ghawar 
and TINT areas; and oil-mature toward the southern flanks of the area. Gas
is present in the Paleozoic reservoirs in the ABQQ, Ghawar and TINT areas, 
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suggesting direct migration from the source rock in the same areas. At present 
(Figure 17-c), the source rock is over-mature in the ABQQ area and gas-mature 
over the rest of the areas.
The east-west cross section (B-Bʼ) at the Jurassic time (142.5 Ma, Figure 18-
a) shows that the Silurian Qusaiba source rock in the whole area is immature 
with the deepest burial in the MZLJ-SAHB area. In the Cretaceous time 
(100 Ma, Figure 18-b), the source rock is gas-mature in the MZLJ-SAHB-
HRDH-TINT areas; and oil-mature in the HWTH-NYYM area to the west and 
JAWB area to the east. Oil is present in the Unayzah reservoir in the JAWB, 
HWTH and NYYM fields, whereas gas-rich oil and gas are both present in
TINT confirming the source rock maturity in these areas. In HRDH, gas is
present in the Unayzah reservoir reflecting the source rock gas maturity. In
SAHB and MZLJ, however, both oil and gas are present suggesting that since 
the Cretaceous time gas migration has been actively taking place. At present 
(Figure 18-c) the east-west cross section indicates that the source rock is gas-
mature in the JAWB-TINT-MZLJ area, over-mature in the HRDH-SAHB area 
and oil-mature in the HWTH-NYYM area. The absence of a complete gas 
column in the JAWB-SAHB-MZLJ area could possibly be attributed either 
to the efficiency of the seal which did not allow for more gas to replace the
remaining oil and/or the limitation of the migration pathways. 
Hydrocarbons can either migrate vertically through faults and fractures and/ 
or laterally through the carrier bed. In cases like the Sarah reservoir, which is 
immediately below the Silurian source rock, hydrocarbons will be expelled 
directly from the source rock down to the reservoir (down-ward migration). 
This makes the Sarah reservoir very attractive for exploration as the migration 
pathway risk is minimized compared to other reservoirs. For the Khuff, 
Unayzah and Jauf reservoirs presence of faults that connect the source rock 
to the reservoir becomes the critical issue for migration. For example, the 
Ghawar structure is bounded by major faults to the east and west making the 
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hydrocarbon journey from source to trap less tortuous, thus, all the Ghawar 
Paleozoic reservoirs (Khuff, Unayzah, Jauf, Sarah) are hydrocarbon bearing 
when present. On the other hand, presence of faults in Central Arabiaʼs Hawtah 
trend fields (Hawtah, Hilwah, Nuayyim Raghib, Dilam, etc.) are not essential
since migration is predominantly lateral due to the fact that the Qusaiba source 
rock is marginally oil-mature to immature in the area. Hydrocarbon migration 
in Central Arabia will, therefore, be lateral (long-distance) from the basin south 
of Ghawar (Figure 16-a and 16-b).
In addition to the presence of faults as conduits for hydrocarbon migration, 
the thickness and lithofacies distribution of the interval from the source rock to 
the reservoir is another important factor in the migration process. In the absence 
of faults, the thicker the section the longer it takes to migrate hydrocarbons 
through the pore network. For further explanation, a Hercynian sub-crop map 
is illustrated in Figure 19. If what is subcropping below the Hercynian is the 
Silurian Qalibah Formation, then the migration pathway to the overlying Jauf, 
Unayzah and Khuff reservoirs is less complex and less time is required to 
migrate hydrocarbons from the source to the reservoir. In this case the reservoir 
rock is the carrier rock at the same time. On the other hand, if the section below 
the Hercynian unconformity is thicker the migration pathway is more complex 
and requires the layers between the source and reservoir to be more porous and 
permeable for oil and gas migration. Another important factor is the presence 
of open faults. Age-dating of the faults will be a major step in future migration 
studies. Faults penetrating higher up in the section are conduits for oil and gas 
migration into the overlying Jauf, Unayzah and Khuff reservoirs as opposed to 
faults just terminating at the Unayzah reservoir level. In Figure 19, the Silurian 
Qusaiba source rock is subcropping over most of the Ghawar structure. The 
Ghawar structure has, therefore, better access to hydrocarbon charge. Central 
Arabiaʼs fields have a Devonian section subcropping (Tawil, Jubah and Jauf)
which can act as carrier beds to hydrocarbon migration from the east. The 
Khurais and Abu-Jifan structures to the west of Ghawar will have a higher risk 
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for hydrocarbon migration. In that area, below the Hercynian unconformity 
Cambrian/Ordovician rocks are subcropping and lateral migration from the 
Qusaiba to the east and north is implied since the Qusaiba source to the west is 
marginally mature. 
The same applies to the Summan Platform and Dibdibah Trough areas 
northwest of Ghawar, where the Cambrian/Ordovician section is subcropping 
below the Hercynian unconformity. To the north of Ghawar in the onshore 
and offshore areas the Silurian section is subcropping in the Safaniyah and 
Manifa structures. Thus, hydrocarbon migration risk is lower than in the 
areas where the Devonian and pre-Silurian sections are subcropping like 
in the Berri, Qatif, Khursaniyah and Abu Hadriyah structures. In the areas 
where the Devonian section is subcropping migration risk has to be taken into 
consideration. The Devonian Jauf reservoir could be on the “migration shadow 
zone” of the Unayzah and/or Khuff reservoirs. That is, where the Devonian 
seal is present, hydrocarbons will be captured by the Devonian Jauf reservoir 
first before any hydrocarbons can make it through to the overlying Unayzah
and Khuff reservoirs. South of Ghawar and toward the Rub  ʼAl-Khali Basin 
the Devonian section is most probably subcropping, making the Devonian 
Jauf and Ordovician reservoirs less risky for hydrocarbon exploration than the 
Carboniferous-Permian Unayzah and Permian Khuff reservoirs. The reservoir 
quality in the Devonian and Ordovician reservoirs, however, will become the 
main issue. Similarly, the Unayzah reservoirs will be on the “migration shadow 
zone” of the overlying Khuff reservoirs. Hydrocarbons will charge the Unayzah 
reservoirs before the Khuff reservoirs. Charging both the Unayzah and Khuff 
reservoirs will depend on whether faults cut the Khuff reservoirs and if these 
faults are sealing or leaking.
The Hercynian subcrop map demonstrates the risk of hydrocarbon exploration 
in each area (Figure 19). If the subcrop is Silurian, hydrocarbon migration risk 
is much lower than if the subcrop is Devonian or older. When the Ordovician 
section is subcropping, the Silurian source rock is absent and another source 
rock has to be invoked. 
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For the Paleozoic petroleum systems of Saudi Arabia, the gas accumulation 
maps (Figures 22-a to 22-d) clearly illustrate the strong dependency of the 
modeled hydrocarbon accumulations on the facies maps (Figures 20-21). 
The more accurate the facies maps are the closer to reality are the simulated 
hydrocarbon accumulations. In addition to the parameters usually studied in 
the framework of basin modeling sensitivity analysis (burial history including 
uplift/erosion, heat flow, source rock properties, permeability and fault
distribution), facies maps provide the most important parameter when modeling 
hydrocarbon accumulations. This conclusion implies that having accurate 
facies maps significantly increases the credibility of any modeling results on
location, quality and quantity of any hydrocarbon accumulations. It has also 
been demonstrated that hydrocarbon migration is strongly influenced by the
presence of faults as conduits for vertical migration and the Hercynian subcrop 
map. In the Ghawar area, the current model accounts for the gas and condensate 
accumulations. The filling history of Central Arabiaʼs fields, however, is quite
complex due to the variability of the lateral and vertical migration pathways, 
hydrocarbon phase separation, water washing and hydrodynamics. Central 
Arabiaʼs hydrocarbon accumulations are, therefore, more difficult to predict
than the vertically-migrated Ghawar accumulations.
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6. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
• The Silurian Qusaiba source rock has been quantitatively and qualitatively 
analyzed with respect to organic richness, pyrolysis and thermal maturity.
 
• Burial history for the Paleozoic section of Saudi Arabia has been constructed 
using measured thermal maturity of the Silurian source rock and other 
stratigraphic layers for 17 key regional wells. Based on this data set, a maturity 
map for the principal source rock has been established for a large 3-D area 
(Figure 16). Maturity data are mainly from the Paleozoic, and more Mesozoic 
data are needed to verify, falsify or modify the temperature history models 
calibrated by the existing data. Additional thermal maturity data would be very 
important for better calibration of temperature history models, especially from 
the Jurassic and Cretaceous sections. 
• Sensitivity analysis has been performed for the 1-D basin models by varying 
several input parameters such as the rate of uplift/erosion during periods not 
documented by sediments and boundary conditions. Based on the initial model 
and the alternative scenarios calculated, a rather well-constrained burial and 
temperature history could be established for large parts of Saudi Arabia. 
• A 3-D petroleum system has been established for the first time in Saudi
Arabia. Hydrocarbon generation and migration has been qualitatively modeled 
in 3-D and gas accumulations in the Permian Khuff and Carboniferous 
Unayzah reservoirs in the Ghawar area are accounted for. The filling history of
Central Arabia fields is quite complex due to the variability of the lateral and
vertical migration pathways, hydrocarbon phase separation, water washing and 
hydrodynamics. Central Arabiaʼs hydrocarbon accumulations are, therefore, 
more difficult to predict than the vertically-migrated Ghawar accumulations.
This model should serve as a basis for future models as more data becomes 
available and uncertainty in some data parameters (reservoir, seal and fault) 
are reduced. 
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• 3-D basin modeling should be the basis for any petroleum system analysis 
as it by far exceeds 1-D and 2-D modeling in describing real earth models 
and fluid movements in the subsurface. Sub-regional models or prospect-size
accumulations can be predicted with more confidence than large, regional
areas.
• Future exploration opportunities exist in the Paleozoic reservoirs of Saudi 
Arabia (Devonian Jauf, Ordovician Sarah, infra-Cambrian, etc.) as there are 
more generated/migrated hydrocarbons than what has been discovered to date 
from the Silurian source rock alone. An even greater potential may exist, if 
other Paleozoic source rocks also contributed to the petroleum system. 
• Quantitative and qualitative analysis of additional source rock units can 
substantially add to the resources of the Paleozoic petroleum systems in Saudi 
Arabia. These analyses are currently underway. 
• Exploration charge risk is lower when the subcrop below the Hercynian 
unconformity is Devonian or Silurian. Devonian and Silurian subcropping 
areas will have better access to hydrocarbons from the Silurian source rock 
than Ordovician subcropping areas. In the latter case, another non-Silurian 
source rock has to be invoked.
Future steps in petroleum system analysis should take into account new 
laboratory-derived, closed system-secondary cracking kinetics for the Silurian 
Qusaiba source rock, which can  lead to a better modeling of the different 
hydrocarbon phases. Furthermore,  seal efficiencystudiesshouldbeperformedto
better assess the preservation  of the Paleozoic petroleum systems and continuous 
and consistent mapping  of the geologic layers and facies will definitely lead
to building more accurate  3-D petroleum systems. Finally, mapping and age-
dating faults should lead to  a better assessment of the petroleum systems and 
more accurate prediction of migrated hydrocarbons. 
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Appendix I: Vitrinite Reflectance Data by Well
Average Vitrinite Reflectance (Rr %) data for the 17 wells are shown together with the sample
number, well name, subsea depth in meters, formation, age and number of measurements 
(N). 
Sample Well Subsea Depth (m) Formation Age Rr (%) N
01/0243 TINT (core) 2,908.81 Dhruma Jurassic 0.59 33.00
01/0244 TINT (core) 3,872.74 BKAR Permian
01/0245 TINT (core) 4,038.54 BKCR Permian 14.00
01/0246 TINT (core) 4,269.36 BKDC Permian 1.64 36.00
01/0247 TINT (core) 4,273.02 BKDC Permian 1.81 50.00
01/0248 TINT(core) 4,298.17 BKDC Permian 1.51 50.00
01/0249 TINT (core) 4,304.02 UNYZ Carboniferous 1.17 50.00
01/0250 TINT (core) 4,816.46  PUU Carboniferous 1.72 14.00
01/0251 TINT(core) 4,856.10 mid. Qusaiba Silurian 1.54 22.00
01/0252 TINT (core) 4,863.05 mid. Qusaiba Silurian 1.58 32.00
01/0253 TINT (core) 4,887.50  Qusaiba Silurian 1.61 15.00
01/0254 TINT (core) 4,897.62 Qusaiba Silurian 1.67 17.00
01/0255 TINT (core) 4,904.33 Qusaiba Silurian 1.84 50.00
01/0256 TINT (core) 4,904.76  Qusaiba Silurian 1.87 50.00
01/0257 UTMN (core) 3,938.72 Qusaiba Silurian 1.55 25.00
01/0258 UTMN (core) 3,943.60 Qusaiba Silurian 1.73 25.00
01/0259 UTMN (core) 3,946.34 Qusaiba Silurian 1.57 7.00
01/0260 WAQR (core) 2,782.50 Jilh Dolomite Triassic 0.83 16.00
01/0261 WAQR (core) 3,752.74 KFCR Permian 33.00
01/0262 WAQR (core) 3,754.48 KFCR Permian 1.46 50.00
01/0263 WAQR (core) 4,359.27 BJFR Devonian 1.47 10.00
01/0264 WAQR (core) 4,360.85 BJFR Devonian 1.69 50.00
01/0265 WAQR (core) 4,372.41 BJFR Devonian 1.47
01/0266 WAQR (core) 4,389.42 Tawil Devonian 12.00
01/0267 SAHB (core) 2,285.67 Dhruma Jurassic 0.58 50.00
01/0268 SAHB (core) 2,840.24 Jilh Dolomite Triassic 0.93 9.00
01/0269 SAHB (core) 3,972.26 BKDC Permian 1.86 50.00
01/0270 SAHB (core) 3,977.29 BKDC Permian 1.47 50.00
01/0271 SAHB (core) 3,982.77 BKDC Permian 1.93 50.00
01/0272 SAHB (core) 3,988.11 BKDC Permian 1.49 50.00
01/0273 SAHB (core) 4,594.66 Qusaiba Silurian 2.20 50.00
01/0274 SAHB(core) 4,600.30 Qusaiba Silurian 2.15 19.00
01/0275 SAHB (core) 4,608.93 Qusaiba Silurian 8.00
01/0276 SAHB (core) 4,610.82 Qusaiba Silurian 14.00
01/0277 SAHB (core) 4,611.71 Qusaiba Silurian 1.67 6.00
01/0278 SDGM (core) 4,158.05 Sharawra Silurian 0.00
01/0279 SDGM (core) 4,165.82 Sharawra Silurian 8.00
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Appendix I: (Continued) 
Average Vitrinite Reflectance (Rr %) data for the 17 wells are shown together with the sample
number, well name, subsea depth in meters, formation, age and number of measurements 
(N). 
Sample Well Subsea Depth (m) Formation Age Rr (%) N
01/0280 SDGM(core) 4,169.21 Sharawra Silurian 6.00
01/0281 SDGM (core) 4,191.04 hot shale Silurian 7.00
01/0282 SDGM (core) 4,458.99 hot shale Silurian 2.05 23.00
01/0283 SDGM (core) 4,461.89 hot shale Silurian 1.98 18.00
01/0284 SDGM (core) 4,459.45 hot shale Silurian 2.15 50.00
01/0285 TYMA (core) -819.51 Qusaiba Silurian 0.48 50.00
01/0286 TYMA (core) -816.16 Qusaiba Silurian 0.62 60.00
01/0287 TYMA (core) -814.63 Qusaiba Silurian 0.57 53.00
01/0288 TYMA (core) -811.59 Qusaiba Silurian 0.49 30.00
01/0289 TYMA (core) -809.45 Qusaiba Silurian 0.6 50.00
01/0290 TYMA (core) -808.54  Qusaiba Silurian 0.57 32.00
01/0291 TYMA (core) -805.18 Qusaiba Silurian 0.61 40.00
01/0292 TYMA (core) -570.34 SARA? Ordovician 0.9 57.00
01/0293 JAUF (core) 2,503.05 Marrat Triassic 0.00
01/0294 JAUF (core) 2,505.49 Marrat Triassic 0.00
01/0295 JAUF (core) 2,506.40 Marrat Triassic 4.00
01/0296 JAUF (core) 3,490.70 Pre-Saq Cambrian 0.53 33.00
01/0297 JAUF (core) 4,392.68 Pre-Saq Cambrian 0.00
01/0298 JAWB(core) 2,901.71 Hanifa Jurassic 0.00
01/0299 JAWB(core) 3,334.51 Jilh Triassic 0.62 3.00
01/0300 JAWB (core) 3,742.74 Khuff Permian 1.49 3.00
01/0301 JAWB (core) 3,757.04 Khuff Permian 1.43 11.00
01/0302 JAWB (core) 3,937.07 Khuff Permian 2.67 50.00
01/0303 JAWB (core) 4,291.16 UNYZ Carboniferous 1.88 50.00
01/0304 JAWB (core) 4,291.16 UNYZ Carboniferous 1.95 50.00
01/0305 JAWB (core) 4,295.79 UNYZ Carboniferous 2.01 50.00
01/0306 JAWB (core) 4,297.87 UNYZ Carboniferous 1.97 50.00
01/0307 JAWB(core) 4,299.27 UNYZ Carboniferous 2.05 11.00
01/0308 JAWB (core) 4,564.57 Sharawra Silurian 2.00 9.00
01/0309 JAWB (core) 4,568.84 Sharawra Silurian 2.00 12.00
01/0310 MZLJ (core) 4,185.85 Qusaiba Silurian 1.56 35.00
01/0311 MZLJ (core) 4,188.11 Qusaiba Silurian 1.61 31.00
01/0312 MZLJ (core) 4,196.22  Qusaiba Silurian 1.68 50.00
01/0313 MZLJ (core) 4,201.52 Qusaiba Silurian 1.61 50.00
01/0314 MZLJ (core) 4,201.98 Qusaiba Silurian 1.64 50.00
01/0315 NYYM (core) 2,015.15 BKDC Permian 50.00
01/0316 NYYM (core) 2,017.38  UNYZ Carboniferous 0.60 50.00
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Appendix I: (Continued)
Average Vitrinite Reflectance (Rr %) data for the 17 wells are shown together with the sample
number, well name, subsea depth in meters, formation, age and number of measurements 
(N). 
Sample Well Subsea Depth (m) Formation Age Rr (%) N
01/0317 NYYM (core) 2,758.14 Sharawra Silurian 0.72 8.00
01/0318 NYYM (core) 2,767.74 Sharawra Silurian 0.85 26.00
01/0319 NYYM (core) 3,025.09 Sharawra Silurian 0.83 41.00
01/0320 NYYM (core) 3,029.21 Sharawra Silurian 0.87 50.00
01/0321 NYYM (core) 3,937.50 Basement Precambrian 0.00
01/0322 QTIF (core) 2,535.91 Dhruma Jurassic 0.00
01/0323 QTIF (core) 2,540.06 Dhruma Jurassic 0.74 14.00
01/0324 QTIF (core) 2,683.08 Sharar Jurassic 0.72 50.00
01/0325 QTIF (core) 2,690.61 Sharar Jurassic 0.00
01/0326 QTIF (core) 4,714.60 Pre-Khuff Pre-Permian 4.19 6.00
01/0327 HRDH (core) 3,347.41 KFCR Permian 11.00
01/0328 HRDH (core) 3,542.68 BKDC Permian 50.00
01/0329 HRDH (core) 3,547.71 BKDC Permian 50.00
01/0330 HRDH (core) 3,550.46 BKDC Permian 14.00
01/0331 HRDH (core) 3,552.29 BKDC Permian 0.93 32.00
01/0332 HRDH (core) 3,662.56 Qusaiba Silurian 1.26 50.00
01/0333 HRDH (core) 3,666.62 Qusaiba Silurian 1.21 7.00
01/0334 HRDH (core) 3,670.27 Qusaiba Silurian 1.18 6.00
01/0335 HRDH (core) 3,672.80 Qusaiba Silurian 1.31 50.00
01/0336 HRDH (core) 3,675.30 Qusaiba Silurian 1.20 50.00
01/0337 HRDH (core) 3,678.96 Qusaiba Silurian 1.34 8.00
01/0338 HRDH (cuttings) 3,730.49 hot shale Silurian 0.00
01/0339 HRDH (cuttings) 3,748.78 hot shale Silurian 1.23 14.00
01/0340 HRDH (cuttings) 3,760.98 hot shale Silurian 1.36 6.00
01/0341 HRDH (cuttings) 3,779.27 hot shale Silurian 1.40 8.00
01/0342 HRDH (core) 4,330.95 Saq Precambrian 0.00
01/0343 HRDH (core) 4,546.28 Saq Precambrian 0.00
01/0344 HRDH (core) 4,586.74 Saq Precambrian 0.00
01/0345 HRDH (core) 4,615.67 Saq Precambrian 0.00
01/0346 HRDH (core) 4,616.04 Saq Precambrian 0.00
01/0347 HWTH (core) 1,259.54 BKDC Permian 0.69 50.00
01/0348 HWTH (core) 1,265.40 UNYZ Carboniferous 13.00
01/0349 HWTH (core) 1,333.08 Qusaiba Silurian 0.72 22.00
01/0350 HWTH (core) 1,334.45 Qusaiba Silurian 0.67 32.00
01/0351 HWTH (core) 1,336.59 Qusaiba Silurian 18.00
01/0352 HWTH (core) 1,338.26 Qusaiba Silurian 0.67 50.00
01/0353 HWYH (core) 3,574.85 BKDC Permian 1.07 4.00
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Appendix I: (Continued)
Average Vitrinite Reflectance (Rr %) data for the 17 wells are shown together with the sample
number, well name, subsea depth in meters, formation, age and number of measurements 
(N). 
Sample Well Subsea Depth (m) Formation Age Rr (%) N
01/0354 HWYH (core) 3,615.79 Pre-Khuff Permian 0.84 5.00
01/0355 HWYH (core) 3,753.29 mid. Qusaiba Silurian 16.00
01/0356 HWYH (core) 3,754.54 mid. Qusaiba Silurian 20.00
01/0357 HWYH (core) 3,883.38 Sarah Ordovician 1.43 12.00
01/0358 HWYH (core) 3,884.36 Sarah Ordovician 1.40 8.00
01/0359 ABQQ (core) 1,713.41  Arab-D Res. Jurassic 1.39 1.00
01/0360 ABQQ (core) 3,945.12 BKDC Permian 0.00
01/0361 ABQQ (core) 4,700.00 Tawil Devonian 1.95 12.00
01/0362 ABQQ (core) 4,996.95 Sharawra Silurian 2.27 5.00
01/0363 ABQQ (core) 4,999.85 Sharawra Silurian 2.05 10.00
01/0364 ABQQ (core) 5,006.40 Sharawra Silurian 0.00
01/0369 BRRI (core) 5,038.41 hot shale Silurian 2.36 50.00
01/0370 BRRI (core) 5,039.63 hot shale Silurian 2.52 50.00
01/0371 BRRI (core) 5,041.16 hot shale Silurian 2.51 50.00
01/0372 BRRI (core) 5,041.77 hot shale Silurian 2.51 50.00
01/0373 BRRI (core) 5,042.68 hot shale Silurian 2.50 50.00
01/0376 HLWH (core) 1,222.65 BKHUF Permian 0.6 8.00
01/0377 HLWH (core) 1,271.80 Qusaiba Silurian 0.58 1.00
01/0378 HLWH (core) 1,279.48 Qusaiba Silurian 0.61 8.00
01/0379 HLWH (cuttings) 1,314.02 Qusaiba Silurian
01/0380 HLWH (cuttings) 1,576.22 Saq Cambrian 0.78 12.00
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Appendix II: TOC and Rock-Eval Data by Well
Source Rock data is shown as TOC, S1, S2, S3, Tmax and HI along with the laboratory at which 
the source rock measurements were taken.
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Appendix II: (Continued)
Source Rock data is shown as TOC, S1, S2, S3, Tmax and HI along with the laboratory at which 
the source rock measurements were taken.
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Appendix III:
Formation thicknesses, ages, lithologies and present-day heat flow values for the 16 individual
wells. 
Well: ABQQ Thickness (ft) Age (Ma) Lithology
Heat Flow: 65 mW/m2 From To
Formation
Waterdepth -321 0 0
Recent 138 27 0 SAND&LIME
Dammam 334 52 36 LIMESTONE
Rus 184 54 52 ANHYDRITE
Umm_Er_Radhuma 1076 67 54 LIMESTONE
Aruma 666 89 70 SHALEcarb
Wasia 961 110 100 SANDshaly
Shuaiba_Yamama 1318 134 110 LIMEdolom
Sulaiy 542 140 134 LIMESTONE
Hith 475 142.5 140 ANHYDRITE
Arab 624 145 142.5 LIMESTONE
ArabD_Jubaila 460 154 145 LIMESTONE
Hanifa 443 157 154 LIMESTONE
TuwaiqMnt 152 163 157 LIMEshaly
Dhruma_Marrat 1594 188 163 LIMEshaly
Minjur 279 230 188 SANDsilty
Jilh_Sudair 1500 239 230 SANDshaly
Sudair_Shale 705 244 239 SHALE
Khuff 1750 253 244 LIMEdolom
BaseKhuffClastics 0 255 253 SANDsilty
PUU 0 350 255 SANDsilty
Jubah 1449 390 350 SANDsilty
Jauf 96 394 390 SANDsilty
JaufRes 386 400 394 SANDsilty
Tawil 1007 413 400 SANDsilty
Qalibah 1522 439 413 SHALE&SILT
Qusaiba_Hotshale 16 440 439 SHALE
Sarah 33 445 440 SANDSTONE
Qasim_Saq 273 590 445 SANDSTONE
Well: BRRI Thickness (ft) Age (Ma) Lithology
Heat Flow: 65 mW/m2 From To
Formation
Recent 212 27 0 SHALE&LIME
Dammam 445 52 36 LIMEshaly
Rus 190 54 52 LIME&EVAP
Umm_Er_Radhuma 1355 67 54 LIMESTONE
Aruma 1374 89 70 LIMEshaly
Wasia 1228 110 100 LIMEsandy
Shuaiba_Yamama 1173 134 110 LIMEshaly
Sulaiy 504 140 134 LIMESTONE
Hith 424 142.5 140 ANHYDRITE
Arab 40 145 142.5 LIME&EVAP
ArabD_Jubaila 681 154 145 LIMESTONE
Hanifa 461 157 154 LIMESTONE
TuwaiqMnt 348 163 157 LIMEshaly
Dhruma_Marrat 2360 188 163 LIMEmarly
Minjur 445 230 188 SANDsilty
Jilh_Sudair 1466 239 230 LIMEdolom
Sudair_Shale 564 244 239 SHALE
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Appendix III: (Continued)
Formation thicknesses, ages, lithologies and present-day heat flow values for the 16 individual
wells. 
Khuff 1758 253 244 LIMEdolom
BaseKhuffClastics 0 255 253 SANDshaly
PUU 0 258 255 SANDsilty
Qalibah 1384 439 413 SHALEsilt
Qusaiba_Hotshale 37 440 439 SHALE
Sarah 14 445 440 SANDsilty
Qasim_Saq 507 590 445 SANDsilty
Well: JAWB Thickness (ft) Age (Ma) Lithology
Heat Flow: 70 mW/m2 From To
Sediment Surface -472 0 0
Recent 786 27 0 SHALE&LIME
Dammam 121 52 36 LIMEmarly
Rus 480 54 52 ANHYDRITE
Umm_Er_Radhuma 1257 67 54 LIMEshaly
Aruma 1114 89 70 LIMEshaly
Wasia 2097 110 100 LIMEsandy
Shuaiba_Yamama 1963 134 110 LIMESTONE
Sulaiy 574 140 134 LIMESTONE
Hith 579 142.5 140 ANHYDRITE
Arab 376 145 142.5 LIME&EVAP
ArabD_Jubaila 643 154 145 LIMESTONE
Hanifa 548 157 154 LIMEshaly
Dhruma 589 163 157 LIMEshaly
Marrat 96 188 163 LIMEshaly
Jilh 735 239 230 DOLOMITE
Sudair 702 244 239 SHALE
Khuff 1443 255 244 LIMEdolom
Unayzah 148 257 255 SANDsilty
Unayzah-A Reservoir 336 265 257 SANDSTONE
Unayzah-B Reservoir 479 311 265 SANDSTONE
PUU 0 413 311 SANDSTONE
Qalibah 405 439 413 SHALEsand
Well: SDGM Thickness (ft) Age (Ma) Lithology
Heat Flow: 70 mW/m2 From To
Sediment Surface -234 0 0
Dammam 206 52 36 LIMEdolom
Rus 185 54 52 LIME&EVAP
Umm_Er_Radhuma 977 67 54 LIMEdolom
Aruma 835 89 70 LIMEshaly
Wasia 1366 110 100 SANDshaly
Shuaiba 1552 134 110 DOLOMITE
Sulaiy 540 140 134 LIMESTONE
Hith 503 142.5 140 ANHYDRITE
Arab 404 145 142.5 LIME&EVAP
ArabD Res. 785 154 145 LIMESTONE
Hanifa 571 157 154 LIMESTONE
Hadriyah Res. 136 163 157 LIMEshaly
Dhruma 1663 188 163 LIMEshaly
Minjur 456 230 188 SANDdolom
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Appendix III: (Continued)
Formation thicknesses, ages, lithologies and present-day heat flow values for the 16 individual
wells. 
Jilh 1382 239 230 DOLOMITE
Sudair 509 244 239 SHALE
Khuff 1524 253 244 DOLOMITE
BaseKhuffClastics 0 255 253 SANDshaly
PUU 0 405 255 SANDshaly
Tawil 141 420 405 SANDsilty
Qalibah 722 435 420 SHALEsand
Qusaiba 399 439 435 SHALEsilt
Qusaiba_Hotshale 9 440 439 SHALE
Sarah 148 445 440 SANDSTONE
Qasim 247 470 445 SANDSTONE
Well: NYYM Thickness (ft) Age (Ma) Lithology
Heat Flow: 50 mW/m2 From To
Sediment Surface -914 0 0
Buwaib 123 130 125 DOLOMITE
Sulaiy 637 140 134 LIMEdolom
Hith 364 142.5 140 ANHYDRITE
Arab 509 145 142.5 LIME&EVAP
ArabD Reservoir 455 154 145 LIMEdolom
Hanifa 386 157 154 LIMESTONE
TuwaiqMnt 638 163 157 LIMESTONE
Dhruma 821 183 163 LIMEshaly
Minjur 601 230 188 SANDshaly
Jilh 980 242 230 DOLOMITE
Sudair 798 244 242 SHALE
Khuff 1235 253 244 LIMEdolom
BaseKhuffClastics 24 255 253 SANDSTONE
Unayzah 23 257 255 SANDSTONE
Unayzah-A Reservoir 256 265 257 SANDSTONE
Unayzah-B Reservoir 178 315 265 SANDSTONE
PUU 0 415 315 SANDshaly
Qalibah 3387 440 415 SANDshaly
Sarah 2334 444 440 SANDSTONE
Basement 96 600 444 BASEMENT
Well: SAHB Thickness (ft) Age (Ma) Lithology
Heat Flow: 70 mW/m2 From To
Sediment Surface -834 0 0
Dammam 132 52 36 LIMEdolom
Rus 1056 54 52 LIMEdolom
Aruma 756 89 70 LIMEshaly
Wasia 1466 110 100 SANDsilty
Shuaiba 1974 134 110 SAND&LIME
Sulaiy 605 140 134 LIMESTONE
Hith 459 142.5 140 ANHYDRITE
Arab 500 145 142.5 LIME&EVAP
ArabD Res. 546 154 145 LIMESTONE
Hanifa 376 157 154 LIMESTONE
Hadriyah Res. 495 163 157 LIMEshaly
Dhruma 819 183 163 LIMEshaly
Marrat 230 188 183 LIMEshaly
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Appendix III: (Continued)
Formation thicknesses, ages, lithologies and present-day heat flow values for the 16 individual
wells.
Minjur 387 230 188 SANDshaly
Jilh 1786 239 230 DOLOMITE
Sudair 856 244 239 SHALE
Khuff 1510 253 244 DOLOMITE
BaseKhuffClastics 0 255 253 SILT&SAND
Unayzah 0 257 255 SANDSTONE
Unayzah A Res. 226 265 257 SANDSTONE
Unayzah B Res. 713 315 265 SANDSTONE
PUU 0 415 315 SILT&SAND
Qalibah 341 420 415 SHALE
Qusaiba 284 425 420 SHALE
mid-Qusaiba sand 442 427 425 SANDSTONE
Well: TINT Thickness (ft) Age (Ma) Lithology
Heat Flow: 60 mW/m2 From To
Sediment Surface 110 0 0
Dammam 71 52 36 LIMEmarly
Rus 81 54 52 ANHYDRITE
Umm_Er_Radhuma 1106 67 54 LIMEshaly
Aruma 1101 89 70 LIMEshaly
Wasia 2105 110 100 LIMEdolom
Shuaiba 2060 134 110 LIMESTONE
Sulaiy 580 140 134 LIMESTONE
Hith 465 142.5 140 ANHYDRITE
Arab 466 145 142.5 LIMESTONE
ArabD Res. 609 154 145 LIME&EVAP
Hanifa 300 157 154 LIMESTONE
Hadriya 441 163 157 LIMEshaly
Dhruma 736 188 163 LIMESTONE
Minjur 138 230 193 SANDshaly
Jilh 1482 242 230 LIMEdolom
Sudair 745 244 242 SHALEsand
Khuff 1519 253 244 LIMEdolom
BaseKhuffClastics 0 255 253 SANDsilty
Unayzah 456 260 257.8 SANDsilty
Unayzah B Res. 1119 285 280 SANDSTONE
PUU 0 311 285 SANDSTONE
Qalibah 0 435 311 SHALE
Qusaiba 853 439 435 SANDshaly
Hot Shale 116 440 439 SHALE
Sarah 34 443 440 SANDSTONE
Qasim 515 590 443 SANDSTONE
Well: HLWH Thickness (ft) Age (Ma) Lithology
Heat Flow: 50 mW/m2 From To
Sediment Surface -2246 0 0
Jubaila 316.99 154 150 SHALE
Hanifa 424.01 157 154 LIMESTONE
Tuwaiq 653.01 163 157 LIMEshaly
Dhruma 1057.01 183 163 LIMESTONE
Minjur 942.02 210 183 SANDSTONE
Jilh 1634.99 244 230 DOLOMITE
Khuff 1245.98 255 244 LIMEdolom
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Appendix III: (Continued)
Formation thicknesses, ages, lithologies and present-day heat flow values for the 16 individual wells.
B_Khuff_Clastics 41.01 256 255 SANDsilty
Unayzah_A 24.02 265 256 SANDSTONE
Unayzah_B 41.01 315 265 SANDSTONE
PUU 0 415 315 SANDSTONE
Qusaiba 664.99 435 415 SHALE
Sarah 387.99 445 435 SANDSTONE
Saq 1284.01 545 445 SANDSTONE
Basement 108.99 699 545 SANDsilty
Well: JAUF Thickness (ft) Age (Ma) Lithology
Heat Flow: 60 mW/m2 From To
Recent -48 27 0 SHALE&LIME
Dammam 348 52 36 LIMEdolom
Rus 176 54 52 ANHYDRITE
Umm_Er_Radhuma 1424 67 54 LIMEdolom
Aruma 501 89 70 LIMEdolom
Wasia 6 110 100 SANDSTONE
Shuaiba 853 115 110 SANDSTONE
Buwaib 1199 130 115 LIMEdolom
Hith 0 142.5 140 ANHYDRITE
Arab 0 145 142.5 DOLOMITE
ArabD Res. 1839 154 145 DOLOMITE
Dhruma 2687 188 163 LIMEshaly
Minjur 952 230 188 SAND&SHALE
Jilh 653 239 230 DOLOMITE
Sudair 915 244 239 DOLOMITE
Khuff 1467 253 244 LIMEdolom
BaseKhuffClastics 0 255 253 SILT&SAND
PUU 0 546 255 SILTsandy
Pre-Saq 1714 600 546 SILT&SHALE
Well: MZLJ Thickness (ft) Age (Ma) Lithology
Heat Flow: 65 mW/m2 From To
Aruma 589 89 70 LIMEshaly
Wasia 1127 110 100 SANDSTONE
Shuaiba 1819 134 110 SANDSTONE
Sulaiy 630 140 134 LIMESTONE
Hith 442 142.5 140 ANHYDRITE
Arab Res. 965 145 142.5 LIMESTONE
Hanifa Res. 353 157 154 LIMESTONE
TuwaiqMnt 575 163 157 LIMESTONE
Dhruma 1204 183 163 LIMESTONE
Marrat 167 188 183 LIMEshaly
Minjur 748 230 188 SAND&SHALE
Jilh 1993 242 230 DOLOMITE
Sudair 795 244 242 SHALE
Khuff 1499 253 244 DOLOMITE
BaseKhuffClastics 0 255 253 SILT&SHALE
PUU 0 413 255 SANDsilty
Qusaiba 1807 439 413 SHALE&SAND
Qusaiba Shale 0 440 439 SHALE
Sarah 63 443 440 SANDSTONE
Qasim 497 480 443 SAND&SHALE
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Appendix III: (Continued)
Formation thicknesses, ages, lithologies and present-day heat flow values for the 16 individual
wells.
Well: WAQR Thickness (ft) Age (Ma) Lithology
Heat Flow: 65 mW/m2 From To
Dammam 157 52 36 LIMEdolom
Rus 1667 54 52 ANHYDRITE
Umm_Er_Radhuma 861 67 54 LIMESTONE
Aruma 861 89 70 LIMEshaly
Wasia 1496 110 100 SANDshaly
Shuaiba 2047 134 110 LIMEsandy
Sulaiy 605 140 134 LIMESTONE
Hith 448 142.5 140 ANHYDRITE
Arab 492 145 142.5 LIME&EVAP
ArabD Res. 520 154 145 LIMESTONE
Hanifa 339 157 154 LIMESTONE
TuwaiqMnt 557 163 157 LIMESTONE
Dhruma 826 188 163 LIMESTONE
Minjur 233 230 188 SANDsilty
Jilh 1645 242 230 DOLOMITE
Sudair 1027 244 242 SHALE
Khuff 1542 255 244 LIMEdolom
BaseKhuffClastics 0 256 255 DOLOMITE
Unayzah 88 260 256 SANDsilty
Unayzah-A Reservoir 248 265 260 SANDSTONE
Unayzah B Res. 498 315 265 SANDSTONE
PUU 0 360 315 SILT&SAND
Jubah 438 390 360 SANDSTONE
Jauf 444 400 390 SANDSTONE
Tawil 518 413 400 SANDSTONE
Qalibah 583 420 413 SANDsilty
Qusaiba 309 430 420 SANDshaly
mid-Qusaiba sand 390 435 430 SANDSTONE
Well: HWYH Thickness (ft) Age (Ma) Lithology
Heat Flow: 70 mW/m2 From To
Waterdepth -317 0 0
Dammam 135 52 36 LIMESTONE
RUS 90 54 52 ANHYDRITE
UER 574 67 54 LIMEdolom
Aruma 370 89 67 LIMESTONE
Wasia 1165 110 89 SAND&SHALE
Shuaiba 230 115 110 LIMESTONE
Biyadh 1370 134 115 SANDSTONE
Sulaiy 615 140 134 LIMESTONE
Hith 960 142.5 140 ANHYDRITE
Arab 794 145 142.5 LIME&EVAP
Hanifa 601 157 154 LIMEshaly
Dhruma 892 183 163 LIMEshaly
Marrat 416 188 183 LIMEshaly
Minjur 387 230 188 SAND&SILT
Jilh 1343 242 230 DOLOMITE
Sudair 584 244 242 SANDsilty
Khuff 1469 253 244 DOLOMITE
BaseKhuffClastics 0 255 253 SILT&SAND
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Appendix III: (Continued)
Formation thicknesses, ages, lithologies and present-day heat flow values for the 16 individual
wells.
PUU 0 350 255 SANDsilty
Qalibah 316 422 413 SHALE&SAND
Qusaiba 692 439 422 SHALE
Hot Shale 44 440 439 SHALE
Sarah 178 445 440 SAND&SILT
Well: HRDH Thickness (ft) Age (Ma) Lithology
Heat Flow: 65 mW/m2 From To
Waterdepth -974 0 0
Recent 336 27 0 LIMEsandy
Dammam 47 52 36 LIMESTONE
Rus 70 54 52 ANHYDRITE
Umm_Er_Radhuma 725 67 54 LIMEdolom
Aruma 560 89 70 LIMESTONE
Wasia 1409 110 100 SAND&SHALE
Shuaiba_Yamama 1792 134 110 LIMESTONE
Sulaiy 637 140 134 LIMESTONE
Hith 455 142.5 140 ANHYDRITE
Arab 785 145 142.5 LIMESTONE
ArabD_Jubaila 427 154 145 LIME&EVAP
Hanifa 332 157 154 LIMEshaly
TuwaiqMnt 355 163 157 LIMEshaly
Dhruma_Marrat 1055 188 163 LIMEshaly
Minjur 233 230 193 SAND&SHALE
Jilh 1354 242 230 DOLOMITE
Sudair 624 244 242 SHALE
Khuff 1369 253 244 DOLOMITE
BaseKhuffClastics 74 255 253 SAND&SILT
Unayzah_TopSeal 0 257.8 255 Sh100
Unayzah-A Res. 47 259 257.8 SANDSTONE
Base UNYZ A Res. 33 261 259 SANDSTONE
UNYZ B Res. 41 263 261 SANDSTONE
Base UNYZ B Res. 0 265 263 SANDSTONE
PUU 0 311 265 SAND&SILT
Qalibah 417 440 311 SHALE
Qusaiba_Hotshale 179 440 439.6 SHALE
Sarah 60 443 440 SANDSTONE
Quwarah 548 450 443 SANDSTONE
Raan 142 455 450 SAND&SHALE
Kahfah 708 465 455 SANDSTONE
Hanadir 66 479 465 SHALE
Saq 1732 546 465 SANDSTONE
Well: QTIF Thickness (ft) Age (Ma) Lithology
Heat Flow: 70 mW/m2 From To
Sediment Surface 2071 0 0
Aruma 1531 89 70 LIMEshaly
Ahmadi member 961 110 100 SHALE&SAND
Shuaiba 1210 134 110 LIMESTONE
Sulaiy 504 140 134 SHALEcalc
Hith 448 142.5 140 ANHYDRITE
Arab 341 145 142.5 LIMESTONE
ArabD Res. 600 154 145 LIME&EVAP
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Appendix III: (Continued)
Formation thicknesses, ages, lithologies and present-day heat flow values for the 16 individual
wells.
Hanifa 397 157 154 LIMEshaly
Hadriya Res. 240 163 157 LIMEshaly
Dhruma 1040 183 163 LIMESTONE
Marrat 687 188 183 LIMESTONE
Minjur 448 230 188 SANDdolom
Jilh 1636 242 230 DOLOMITE
Sudair 689 244 242 SHALEevap
Khuff 1950 253 244 DOLOMITE
BaseKhuffClastics 999 255 253 SAND&SILT
Jauf 76 394 255 SANDSTONE
Jauf Reservoir 524 400 394 SANDSTONE
Well: UTMN Thickness (ft) Age (Ma) Lithology
Heat Flow: 75 mW/m2 From To
Waterdepth 620 0 0
Aruma 700 89 70 LIMEshaly
Wasia 1298 110 100 SAND&SHALE
Shuaiba 1607 134 110 LIMESTONE
Sulaiy 596 140 134 LIMESTONE
Hith 495 142.5 140 ANHYDRITE
Arab 467 145 142.5 LIMESTONE
ArabD Res. 818 154 145 LIME&EVAP
Hanifa 321 157 154 LIMEshaly
Hadriyah Res. 273 163 157 LIMEshaly
Dhruma 1299 188 163 LIMEshaly
Minjur 336 230 188 SANDsilty
Jilh 1371 242 230 DOLOMITE
Sudair 576 244 242 SHALE
Khuff 1550 253 244 LIMEdolom
BaseKhuffClastics 0 255 253 SILT&SAND
PUU 0 400 255 SILT&SAND
Tawil 100 415 400 SANDSTONE
Qalibah 415 422 415 SILTshaly
Qusaiba 519 439 422 SHALE&SAND
Qusaiba Hot Shale 11 440 439 SHALE
Sarah 325 443 440 SANDSTONE
Quwarah 56 450 443 SANDSTONE
Ra'an 180 455 450 SHALE
Kahfah 425 465 455 SANDSTONE
Hanadir 174 479 465 SHALE
Well: HWTH Thickness (ft) Age (Ma) Lithology
Heat Flow: 50 mW/m2 From To
Waterdepth -2196 0 0
Recent 3544 27 0 SANDSTONE
Jilh 748 242 230 DOLOMITE
Sudair 827 244 239 SHALE
Khuff 1191 256 244 LIMEdolom
Unayzah 35 260 256 SAND&SILT
Unayzah A Res. 132 266 260 SANDSTONE
Unayzah B Res. 46 312 266 SANDSTONE
PUU 0 415 312 SANDsilty
Qusaiba 97 439 415 SHALE
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Appendix IV: Petrophysical Properties by Lithology
Petrophysical Properties by lithology according to the IES Petromod software.
Lithology Density Initial Porosity Compressibility Compressibility Thermal Cond. Thermal Cond. Heat Capacity Heat Capacity Permeability Permeability
kg/m3 Max Min at 20 C at 100 C at 20 C at 100 C at 5% porosity at 75 % porosity
(unitless) (1E-7/kPa) (1E-7/kPa) (W/m/K) W/m/k) (kcal/kg/K) (kcal/kg/K) (log mD) (log mD)
SHALE 2680 0.65 60000 10 1.98 1.91 0.213 0.258 -5.5 -1
SHALEsilt 2677 0.62 25000 10 2.05 1.94 0.21 0.254 -5.35 -0.7
SHALEcarb 2655 0.62 45000 10 1.5 1.43 0.212 0.258 -5.5 -1
SHALEevap 2630 0.47 7000 10 2.93 2.61 0.21 0.247 -8 -4
SHALEsand 2674 0.57 9000 10 2.32 2.12 0.205 0.248 -4.5 0
SHALEcalc 2688 0.52 5000 10 2.22 2.09 0.208 0.248 -2.5 8.5
SHALE&SAND 2669 0.52 2800 10 2.65 2.38 0.197 0.236 -4 3
SHALE&SILT 2674 0.59 13000 10 2.09 1.97 0.207 0.251 -5.25 -0.5
SHALE&LIME 2695 0.53 1500 20 2.39 2.24 0.208 0.246 -5 6
SHALEtuff 2675 0.6 15000 10 2.21 2.1 0.205 0.248 -5.5 -1
SILTSTONE 2672 0.56 8000 10 2.14 2.03 0.201 0.242 -5 0
SILTshaly 2675 0.58 15000 10 2.09 1.98 0.203 0.245 -5.15 -0.3
SILTtuff. 2666 0.56 9000 10 2.27 2.13 0.201 0.242 -5 0
SILTsandy 2666 0.52 3000 10 2.55 2.33 0.192 0.23 -4.5 1.5
SILT&SHALE 2674 0.59 13000 10 2.09 1.97 0.207 0.251 -5.25 -0.5
SILT&SAND 2665 0.5 1900 10 2.59 2.31 0.192 0.229 -3.5 3
SILT&LIME 2691 0.49 3000 10 2.49 2.3 0.198 0.233 -4.5 6
SILTcalc. 2683 0.52 6000 10 2.35 2.19 0.199 0.236 -4.65 4
SANDSTONE 2660 0.42 500 10 3.12 2.64 0.178 0.209 -2 0
SANDsilty 2664 0.46 1200 10 2.97 2.64 0.188 0.223 -3 0
SANDcalc. 2675 0.42 600 10 3 2.59 0.179 0.209 -2.5 8.5
SANDdolom 2715 0.43 650 10 3.35 2.89 0.18 0.21 -1.5 9.5
SANDshaly 2666 0.48 1400 10 2.78 2.37 0.19 0.226 -4 0
SAND&LIME 2685 0.42 400 15 2.93 2.54 0.186 0.215 -3 10
SAND&SILT 2665 0.5 1900 10 2.59 2.31 0.192 0.229 -3.5 3
SAND&SHALE 2669 0.52 2800 10 2.65 2.38 0.197 0.236 -4 3
SANDcongl 2663 0.35 330 10 2.93 2.63 0.184 0.217 -3.5 0
LIMESTONE 2710 0.24 150 10 2.83 2.56 0.195 0.223 -4.25 13.25
LIMEdolom 2752 0.26 180 10 3.18 2.82 0.198 0.226 -3.25 14.25
LIMEsandy 2695 0.45 700 20 2.93 2.62 0.19 0.219 -4.25 13.25
LIMEmarly 2707 0.33 300 10 2.63 2.41 0.201 0.235 -4.25 13.25
LIMEshaly 2700 0.37 550 10 2.51 2.31 0.203 0.237 -4.25 13.25
LIMEcarbo 2696 0.46 420 25 2.37 2.13 0.195 0.225 -4 13
LIME&EVAP 2625 0.21 200 20 4.69 3.95 0.193 0.213 -13 -12
MARL 2687 0.47 940 10 2.23 2.11 0.208 0.248 -5 -0.89
CHALK 2700 0.65 700 45 2.85 2.51 0.197 0.226 -1 3
DOLOMITE 2836 0.3 250 10 3.81 3.21 0.202 0.229 -2.25 15.25
SALT 2160 0.06 4 1 5.69 4.76 0.206 0.212 -16 -16
ANHYDRITE 2850 0.06 4 1 4.81 3.97 0.174 0.189 -16 -16
GYPSUM 2300 0.06 2 1 1.51 1.41 0.347 0.361 -16 -16
EVAPORITE 2540 0.1 10 1 4.69 3.91 0.194 0.21 -16 -16
EVAPshaly 2585 0.2 100 10 3.87 3.31 0.2 0.221 -13 -12
BASEMENT 2750 0.05 2 1 2.72 2.35 0.188 0.223 -16 -16
BASEradio1 2750 0.05 2 1 2.72 2.35 0.188 0.233 -16 -16
BASEradio2 2750 0.05 2 1 2.72 2.35 0.188 0.233 -16 -16
Granite 2700 0.05 2 1 3 2.65 0.188 0.233 -16 -16
Basalt 2750 0.05 2 1 2.2 1.95 0.2 0.22 -16 -16
Andesite 2650 0.05 2 1 3.2 2.9 0.2 0.22 -16 -16
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Appendix IV: (Continued)
Petrophysical Properties by lithology according to the IES Petromod software.
Lithology Anistropy Factor Anistropy Factor Migration Capillary Pressure Capillary Pressure Capillary Pressure Capillary Pressure
Permeability Thermal Conductivity Saturation Oil at 5% Porosity Oil at 75% Porosity Gas at 5% Porosity Gas at 75% Porosity
(log) (unitless) (unitless) (Mpa) (MPa) (Mpa) (Mpa)
SHALE 2.5 1.5 0.05 5 5 5 5
SHALEsilt 2.3 1.4 0.05 4 4 4 4
SHALEcarb 2.1 1.4 0.05 5 5 5 5
SHALEevap 2 1.4 0.05 10 10 10 10
SHALEsand 2.2 1.4 0.05 3.5 3.5 3.5 3.5
SHALEcalc 2.1 1.4 0.05 4 4 4 4
SHALE&SAND 2 1.3 0.05 2.5 2.5 2.5 2.5
SHALE&SILT 2.3 1.4 0.05 3.25 3.25 3.25 3.25
SHALE&LIME 1.9 1.3 0.05 3 3 3 3
SHALEtuff 2 1.3 0.05 4 4 4 4
SILTSTONE 2 1.3 0.05 1.5 1.5 1.5 1.5
SILTshaly 2.2 1.4 0.05 2.5 2.5 2.5 2.5
SILTtuff. 1.8 1.3 0.05 2 2 2 2
SILTsandy 1.8 1.2 0.05 1 1 1 1
SILT&SHALE 2.3 1.4 0.05 3.25 3.25 3.25 3.25
SILT&SAND 1.8 1.2 0.05 0.7 0.7 0.7 0.7
SILT&LIME 1.6 1.2 0.05 1 1 1 1
SILTcalc. 1.7 1.2 0.05 1 1 1 1
SANDSTONE 1.1 1.1 0.02 0.01 0.01 0.01 0.01
SANDsilty 1.2 1.2 0.03 0.5 0.5 0.5 0.5
SANDcalc. 1.1 1.1 0.03 0.1 0.1 0.1 0.1
SANDdolom 1.1 1.1 0.03 0.1 0.1 0.1 0.1
SANDshaly 1.3 1.3 0.03 1.5 1.5 1.5 1.5
SAND&LIME 1.1 1.1 0.03 0.02 0.02 0.02 0.02
SAND&SILT 1.2 1.2 0.03 0.75 0.75 0.75 0.75
SAND&SHALE 1.3 1.3 0.03 2.5 2.5 2.5 2.5
SANDcongl 1.1 1.1 0.03 0.02 0.02 0.02 0.02
LIMESTONE 1.1 1.1 0.05 1 1 1 1
LIMEdolom 1.1 1.1 0.05 1 1 1 1
LIMEsandy 1.2 1.1 0.05 0.3 0.3 0.3 0.3
LIMEmarly 1.2 1.1 0.05 1 1 1 1
LIMEshaly 1.5 1.2 0.05 2.2 2.2 2.2 2.2
LIMEcarbo 1.2 1.1 0.05 1 1 1 1
LIME&EVAP 1.1 1.1 0.05 9 9 9 9
MARL 1.1 1.1 0.05 1 1 1 1
CHALK 1.1 1.1 0.05 1 1 1 1
DOLOMITE 1.1 1.1 0.05 1 1 1 1
SALT 0 1 0.05 199 199 199 199
ANHYDRITE 0 1 0.05 199 199 199 199
GYPSUM 0 1 0.05 199 199 199 199
EVAPORITE 0 1 0.05 199 199 199 199
EVAPshaly 1.5 1.1 0.05 20 20 20 20
BASEMENT 0 1 0.05 99 99 99 99
BASEradio1 0 1 0.05 99 99 99 99
BASEradio2 0 1 0.05 99 99 99 99
Granite 0 1 0.05 99 99 99 99
Basalt 0 1 0.05 99 99 99 99
Andesite 0 1 0.05 99 99 99 99
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